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THE first case of dust allergy was recognized by Cooke (1922). With this 
patient, very markedly positive local reactions were obtained to intra-dermal 
injections of an extract prepared from his household dust, and these were followed 
in a few moments by the development of a mild constitutional reaction with 
asthma, coryza, general erythema, and pruritus as the symptoms. Skin tests 
carried out with other allergens like horsehair, feather and pollen were negative. 
Cooke then tested a large series of known or suspected allergic individuals with 
this dust extract and found positive reactions in 109 out of 327 persons (33 per 
cent). Some of these individuals were found to be sensitive only to dust ; others 
reacted also to other inhalants and (or) to food. Cooke concluded that house 
dust might contain a specific allergen, the nature and source of which was unknown. 
Further investigations by many authors. have confirmed the occurrence of dust 
sensitization. It is believed that the phenomenon results from the interaction 
of the dust antigen and specific antibodies (reagins), and the liberation of histamine 
| during this interaction in sensitive skin has been demonstrated by Katz and 
- Cohen (1941). 

The symptoms due to dust sensitivity occur at the site of contact ; it is thus 
the respiratory tract and the skin which are affected. The former responds with 
rhinorrhoea, bronchial catarrh and bronchial spasm, and the latter with eczema 
and urticaria. Exposure to dust does not only bring on the symptoms in a sén- 
sitive person, but increases gradually the degree of sensitivity. After having 
suffered from this allergic disease for some months, the patients feel run down 
and are often unable to work. Lack of sleep, either as a correlated symptom or 
due to attacks occurring in the early hours of the morning, aggravate the picture. 
Although no statistical material was available, it seemed to us that the incidence 
of dust sensitivity is steadily increasing. Treatment of affected patients by means 
of more or less crude dust extracts has given doubtful results. It was felt, 
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embodied in a Thesis submitted by D. E. 8. for the degree of M.Sc. in the University of London. 


22 





310 C. RIMINGTON, D. E. STILLWELL AND K. MAUNSELL. 


therefore, that little progress could be achieved unless a method of purification 
of the dust allergen(s) could be devised, and knowledge gained concerning the 
chemical nature of the active constituents and their properties. 

Previous attempts to ascertain the nature of a house dust allergen have met 
with singularly little success. Concentration of extracts was achieved by Spain 
and Newell (1936), Boatner, Efron and Dorfman (1941), and finally Suther- 
land (1942). The latter used 0-01 N ammonia to elute the allergen from the 
dust particles, on which he assumed it might be adsorbed and concentrated it by 
adsorption on precipitated benzoic acid. His product was found by one of us 
(C. R.) to be largely carbohydrate in nature. Sutherland’s observations have 
formed the basis for the present work. 

Although we realize that many antigens may be involved, for simplicity we 
shall refer in this paper to the active substance or substances in the singular, as 
the dust antigen or allergen. Moreover, because all the extracts investigated by 
us were sterilized by heat, we confine our observations to heat-stable allergens. 


MATERIAL AND METHODS 


Source of dust.—In preliminary experiments we examined a number of samples 
of household dust from widely different sources, and found that they did not 
differ materially as regards the character of the allergic material obtainable from 
them. For the main study we therefore decided to use a pooled sample, and to 
this end secured a ton of dust, kindly placed at our disposal by the French Clean- 
ing and Dyeing Co., Ltd., London, S.W. 6. It had been obtained mainly from 
carpets. 

Biological assay.—-Quantitative tests of activity of the dust antigen were 
carried out upon dust-sensitive subjects at the Allergic Clinic of the Ear, Nose 
and Throat Out-Patients’ Department of King’s College Hospital. The estima- 
tions were done before desensitization with dust antigen was started. 

One per cent (w/v) solutions of the various fractions of dust antigen were 
made up in 0-5 per cent carbol normal saline, and were sterilized by immersion 
in boiling water for 30 minutes on each of three successive days. They were 
then centrifuged and the supernatant fluid removed under sterile conditions. 
Heating .at 100° C. was preferred to Seitz filtration as a means of sterilization 
because, firstly, it would effectively destroy any filter-passing virus that might 
be present in the crude material, and secondly, the heated extracts gave stronger 
skin reactions than the Seitz filtered solutions. 

Starting with the 1 per cent solution, 8 serial dilutions of 1 in 10 were prepared 
from each fraction. The first tube was not used for testing allergic individuals, 
as that concentration frequently gave positive reactions in normal persons 
(Maunsell, Whetnall and Rimington, 1947). The concentration of the 7 serial 
dilutions normally used for skin titrations thus ranged from 10-* to 10-4°._ Dupli- 
cate injections of 0-04 ml. from each tube were given intradermally into the back 
of dust-sensitive subjects starting with the weaker solutions. Care was taken not 
to increase the dust antigen concentration beyond that giving a +--+ reaction. 
Control injections of carbol saline were also made. The titrations in the skin 
were read at the height of the reaction, usually after 15 minutes. A slight 
increase of the wheal with a surrounding erythema was regarded as +, a wheal 
of 1-5 cm. diameter as ++, and a wheal of more than 2 cm. as ++-+. The 
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strength of the weakest solution of test material, expressed as percentage (w/v) 
which gave a positive reaction, was noted as ‘“ threshold value.” 

In each single individual, 2 or more unknown fractions of the dust antigen 
were compared for their biological activity with our crude antigen, which thus 
served as a reference standard (“ standard crude antigen ’’). Since all samples 
were made up from known weights of material, and the thresholds of test fractions 
and of reference standard could be compared on several patients, a reasonably 
good quantitative determination of relative potency could be made. 

The technique of titrating the “ blocking substance ”’ arising during desen- 
sitization is described by Maunsell, Whetnall and Rimington (1947). A 
quantitative evaluation was again achieved. 

Chemical determinations.—Nitrogen was determined by the micro-Kjeldahl 
method, and amino-nitrogen by the colorimetric method of Frame, Russell and 
Wilhelmi (1943), and by the ninhydrin procedure of Van Slyke, Dillon, Mac- 
Fadyen and Hamilton (1941). Combined hexoses were determined by the 
orcinol method (Rimington, 1940), for which galactose was used as standard 
when chemical information indicated that this was the sugar present in the 
antigen (see later). Reducing sugars were determined by the micro-method of 
Haslewood and Strookman (1939). Ashing was performed at 500° C., in platinum 
crucibles. 

The stages of the chemical procedure for extraction and purification have 
been worked out in such a way, using the quantitative biological test, that 
volumes, times, concentrations, etc., gave optimal yields and potency. 


EXPERIMENTAL. | 
Preparation of crude extract. 


The dust was thoroughly mixed with sufficient 0-01 N ammonia solution to 
give a thick mud (approx. 1 litre to 1 kg. dust). After 24 hours the liquid was 
mechanically expressed, and the residue re-extracted by half the volume of ammonia 
for a further 24 hours. The combined extracts were centrifuged and the super- 
natant liquid filtered through a layer of kieselguhr, which clarified it without loss 
of activity. Sodium benzoate, 20 g./l, was now added, and while stirring 
mechanically hydrochloric acid (1 part concentrated acid to 5 parts water) was 
added until precipitation of benzoic acid was complete. The precipitate was 
filtered off and stirred with acetone (approx. 8 litres for every 100 kg. of dust 
used) to dissolve the benzoic acid, and the insoluble material was collected on the 
centrifuge, washed twice with acetone, once with alcohol, once with ether and 
dried in vacuo. Differential adsorption upon benzoic acid by interrupting the 
addition of acid at different pH was attempted but was not achieved, although 
the possibility of making the adsorption more selective has not been very 
thoroughly investigated. 

The resulting dark powder was mixed intimately with distilled water, 20 
ml./g., allowed to stand 48 hours, and the aqueous solution was separated on the 
centrifuge and the extraction repeated on the insoluble material. The final 
insoluble material was discarded. 

Purification of the crude antigen in the combined aqueous extracts was 
attempted, using either ammonium sulphate or acetone as precipitant. There 
was considerable overlap between fractions with either reagent (see Tables I 
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and II), but a single fractional precipitation with acetone between the con- 
centrations (by vol.) of 25 per cent and 75 per cent was found to be of value at 


this point. 


TaBLE 1.—Fractionation of Crude Antigen by Ammonium Sulphate. 
Biological assay. 
Patient 1. Patient 2. 
Fraction. Dilution. Dilution. 
1 20%... 20%: -20-". i095": 10. 10-°. 
Crude extract . : — eee ttt abe 
Amm. sulph. 20g./100ml.. ++ + —- — . +4++ 44+ + 
” gem... 4 oe ee Ft ++ 
60 g./100 ml. . omitted ~- ++ ++ + 
99 Sipem. ++ SCO oS ie ae 
Unppt. residue after 
dialysis . — - — ; — 


9 


TaBLE II.—Fractionation of Crude Antigen by Acetone Precipitation at 0° C. 
Overnight. 
Chemical Analysis. 
Conc. of acetone Hexose Nitrogen Ash 
% (v/v) %- %- %- 
25 , 9-0 : , ‘ an 
50 3 15-4 ; 2-12 5 28-6 
75 , 18-0 3-98 ; ae 
90 : 12-0 
Soln. residue ’ 16-4 


1 
9 


Biological Assay. 


Patient 3 (low grade allergy). Patient 4. 
Fraction. Dilution. Dilution. 
Pr EE ILE Rae SAT -silatidaitiad 
19-*, 10-4, 5: 30". 10-4, 10-5, 


Acetone 25°% . . + ob oe ee ie 
ey a 0 been Sabon. cnfeafira 
es a ls 5, sl os ll 
” 90% od ° ++ + . ++ ++ Saal 
Soln. residue — _ : obo vars ink 


AeaLISY ti 
10. 


99 


99 


All stages of the isolation procedure were based upon quantitative tests 
involving some 20 different patients. 

Acetone was added to the combined aqueous extracts to a concentration of 
25 per cent. After 24 hours the precipitate was removed by centrifugation and 
discarded, and the acetone concentration raised to 75 per cent. After 24 hours 
the second acetone precipitate was collected on the centrifuge, washed with 
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alcohol, then ether, and dried in vacuo. This substance was termed the “Standard 
Crude Antigen,’ and could be used for desensitization purposes. It afforded the 
following range of analytical figures : 


Analysis : “Standard Crude Antigen.” 


Hexose (as galactose) : ; . 20-30% 
Nitrogen . ‘ ‘ . i . 38% 
Ash ; “3 . 35-50% 
Molisch reaction strongly ‘positive. 

Biuret reaction negative or doubtfully positive. 


The residual 75 per cent acetone liquor, after removal of the standard crude 
antigen, still contained active material which was recovered for further processing 
by evaporation to dryness. 


Action of enzymes on the “ standard crude antigen.” 


It was thought that possibly some indication might be afforded of the chemical 
nature of the active material at this stage of purification by subjecting a prepara- — 
tion to the action of various enzymes. Proteases and carbohydrate-splitting 
enzymes were used, with suitable controls, and incubated for 24 hours at 37° C. 
In no case did any diminution of biological activity occur. 

These negative results are briefly recorded as follows : 

Trypsin.—The crystalline enzyme was used at pH 7-98. 

Crude trypsin (pancreatin supplied by the British Drug Houses) was also 
without effect. 

Taka-diastase—A commercial preparation was used (Parke Davis). 

Hyaluronidase—Supplied by Dr. H. J. Rogers (Lister Institute of Preventive 
Medicine) ; pH 7-51. 

Pectase-—Supplied by Dr. M. Holden (Rothamsted) ; pH 7-98. 


Removal of ash from “ standard crude antigen.” 


The ash content of preparations of standard crude antigen varied around 
40 per cent. No silica was present, but about 2/3 of the ash was soluble in water. 
This consisted mainly of sodium chloride together with a little sodium carbonate. 
The remainder was soluble in dilute hydrochloric acid on warming. Iron and 
aluminium were identified as the main constituents of the acid-soluble ash, and 
it was suspected that these metals might have been derived from mordants used 
for dyeing the carpet yarns. Almost all of the ash could be readily removed from 
the crude antigen without impairment of activity. 

Two methods were devised, the first dialysis against 2 per cent (w/v) citric 
acid, followed by acetone precipitation between 25 per cent and 75 per cent 
concentrations, which reduced the ash to 1-25 per cent ; and the second, warming 
the solution with sufficient ammonia to bring the pH to 8-0, filtering, reacidify- 
ing to pH 4 with hydrochloric acid, and dialysing. The ash content was reduced 
by this procedure to 1-78 per cent. The resulting mater al was designated 
‘Standard Purified Antigen.” 
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Properties of “ standard purified antigen.” 


The material, pale cream in colour, is soluble in water. A typical analysis 
is recorded below, together with the result of chemical tests carried out upon a 


0-5 per cent solution. 


Hexose (as galactose) 


Nitrogen 


Reducing power (as g 


Total phosphorus 
Free phosphate 
Sulphur . 

Ash 


alactose) . . 1% 


Analysis. 
40-60%, 
5-7%, 


0-25°, 
Trace 


+B 
-80/ 
1-8% 


Colour and Precipitation Tests. 


Molisch_ . ; : + 

Biuret , , — 

Tannic acid ; : Slight 
precipitate 

Trichloracetic acid . — 

Sulphosalicylic acid 

Ninhydrin 

Glacial acetic acid 


Copper sulphate (1°). 
Barium chloride 
Ferric chloride . 
Iodine in KI 


Picric acid ; ; _ 
Phosphotungstic acid . Slight 
precipitate 

Millon’s reagent ‘ — 
Glyoxylic acid . : _ 
Nessler’s reagent ‘ Trace of 

' brown colour 
Orcin test (pentoses) . — 
Phloroglucin test ‘ _ 
Methyl-pentose test . _ 
Glucosamine after 

hydrolysis 


Hydrolysis of standard purified antigen by 0-5 N hydrochloric acid. 


It is sometimes possible, as is exemplified by the case of diphtheria antitoxin, 
to degrade a biologically active material in such a way that a considerable portion 
of the molecule is removed, whilst leaving intact the configurations responsible 
for the specific biological effect. Hydrolysis by enzymes or by chemical reagents 
is generally employed for this purpose. 

The dust antigen was found to be unattacked by any of the enzymes to the 
action of which it was subjected, but by using hot dilute acid, a partial degrada- 
tion of the kind desired could be achieved. 

For the detection and identification of any amino-acids liberated, the very 
sensitive technique of partition chromatography (Gordon, Martin and Synge, 
1943), improved by Consden, Gordon and Martin (1944), was used ; these deter- 
minations were kindly made by Dr. C. E. Dent. Separate amounts of 5 mg. of 
standard purified antigen (N = 5-7 per cent, hexoses 40-60 per cent) were dis- 
solved in 5 ml. of 0-5 n hydrochloric acid, and maintained at the conditions of 
temperature and time stated in the table of results (Table III), after which 1 ml. 
was used for partition chromatography, and the remainder for determination of 
reducing sugars, amino-nitrogen, and biological activity towards dust-sensitive 
patients. 
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The results shown in Table III indicate that biological activity is retained 
despite the liberation within the first 0-5 hours of about one-half of the total 


TABLE III.—Hydrolysis of Standard Purified Antigen by 0-5 N hydrochloric Acid. 


Time of Temp. Total Reducing Amino N Amino-acids by Biological 

refluxing (°C.) carbohy- _ sugars as % of chromatography. activity in 

(hours). drate galactose %. total N. arbitrary 
(orcinol) as units. 


galactose %. 
35- 5 nl nal : 100 
35:7. ‘ae me i a 
32: ; ‘4. 2:0. . nil : 100 
34: 5 . 26-6 . Aspartic acid, . Approx. 1 
trace of glutamic 
acid and alanine 
38° : . o aE 
35° ; : o: ae 
37: ; . 61. 
27: ‘ : oe 
22: : : + ; oe 
16:9 . ‘0 . 92-2 . Aspartic acid, 
glutamic acid, 
serine, glycine, 
threonine, alanine, 
valine, leucine, 
proline, arginine 
A trace of glucosamine was also present. 


N.B.—The figures quoted above are the results of a typical experiment, the rate of liberation of 
reducing sugar and amino-acids varying slightly with the rate of boiling. 

The figure of 2-0 per cent quoted for amino-nitrogen as a percentage of the total nitrogen after 
0-5 hr. hydrolysis is not significant, since the colorimetric method used was only accurate to + 2 per 
cent. The variation in the total carbohydrate content of 32-4 to 38-7 per cent during the first six 
hours’ hydrolysis is within the limits of experimental error for the colorimetric method used (orcinol). 


bound carbohydrate as free reducing sugars ; no amino-acids are set free, however, 
up to this point. On continuing the hydrolysis, biological activity is rapidly 
lost at the same time as amino-acids make their appearance (see also Fig. 1). 
Those identified after 24 hours’ hydrolysis include several of the well known acids, 
but the complete absence of histidine and tyrosine is noteworthy. Neither 
these nor any additional amino-acids could be detected in a 24-hour hydrolysate 
using approx. 6 nN hydrochloric acid. Although arginine was detected by the 
sensitive method, its amount was very small. 


Chromatographic examination of the carbohydrate fraction. 


The reducing material present after 0-5 hour hydrolysis of the purified antigen 
with 0-5 n hydrochloric acid at 100° C. was investigated by means of the partition 
chromatographic procedure described by Partridge (1946). Both phenol and 
collidine were used as solvents, but in each case galactose alone of the common 
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sugars was present. A further reducing substance (or,substances) was detected, 
the Rf. value (as described by Consden e¢ al., 1944) of which did not correspond 


o 


100 Biological activity 


Per cent 
nr 
° 


Time: hours 


Fic. 1.—Hydrolysis of standard purified antigen by 0-5 N hydrochloric acid. 


to that of any known carbohydrate, and this substance was chromatographically 
mobile in amyl alcohol in contrast to the immobility of the common hexoses in 
this solvent (see Table IV). 


TaBLE IV.—Rf. Values of Common Hexoses and of Reducing Substances Present 
in Acid Hydrolysate of the Dust Antigen. 
Sugar. Phenol. Collidine. Amy] alcohol. 

Glucose ; 0-39 : 0:45 ‘ 0 
Mannose* , 0-45 ’ 0-46 
Maltose* : 0-36 : 0-32 
Galactose ; 0-32 ‘ 0-39 : 0 

Hydrolysed antigen. 0-32 ‘ 0-39 . Possibly two bands 
and 0-89 at 0-31 and 0-40 
* Reproduced from Partridge (1946). 
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Examination was made for glucosamine, but none was found to be present 
by chemical methods. Chromatography indicated that a trace was probably 
present. 


Hydrolysis of standard purified antigen by approx. 6 N hydrochloric acid. 


In order to ascertain the precise quantity of nitrogen present in the form of 
primary amino groups in the complex, the antigen was subjected to hydrolysis 
by approx. 6 Nn hydrochloric acid for 24 hours. After removing the insoluble humin 


Amino-N as percentage of total N 
x—- eee RR a RR an RN 


12 18 24 
Time : hours 


Fie. 2.—Hydrolysis of standard purified antigen by app. 6 N hydrochloric acid. 


which formed, the hydrolysate was analysed for total nitrogen by the micro- 
Kjeldahl method, and amino nitrogen by the colorimetric method and the nin- 
hydrin procedure. To follow the course of liberation of sugars and amino acids 
during hydrolysis, the same determinations were made as in the case of the hydro- 
lysis by 0-5 nN hydrochloric acid. The results are presented in Table V and Fig. 2. 
Similar changes occur as with the weak acid, but the destruction of reducing 
sugars and liberation of amino-acids is much accelerated. The final ratio of 
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TaBLe V.—Hydrolysis of Standard Purified Antigen by Approx. 6 N hydrochloric 
Acid. 


Time of refluxing Temperature. Total carbo- Reducing Amino N % 
(hours). (°C.) hydrate sugars as of total N. 
(oreinol) as galactose %. 
galactose %. 


12-5 i 8-4 P 41-7 
. : nil : 96-1 
100 


amino nitrogen to total nitrogen indicates the probable absence of significant 
quantities of any but simple mono-amino-acids, which finding is confirmed by 
chromatography. Control experiments showed that under these conditions 
histidine added before hydrolysis was still detectable but added tyrosine was 
destroyed, probably because of the large amount of carbohydrate present. As is 
well known, tryptophan is destroyed during acid hydrolysis. 

A point of some interest is the fact that after hydrolysis with either 0-5 N or 
approx. 6 N hydrochloric acid, there remains in solution some material giving a 
colour with orcinol similar to that of the simple carbohydrates, but apparently 
devoid of reducing properties, the nature of which is unknown. This substance, 
according to its orcinol colour value, accounts for not more than approximately 
10 per cent of the total hexose value deduced for the antigen. It is difficult to 
decide whether or not this is of significance, but in view of the findings in the 
chromatographic examination for carbohydrates, it is not thought advisable to 
assume that the difference between total orcinol value and reducing power is 
due to differences in method, or possible modification of a simple sugar during 
prolonged boiling with the acid used for hydrolysis. Pure galactose similarly 
treated exhibited, however, a similar behaviour. 


Attempted fractionation of standard purified antigen by phenol. 


Morgan and Partridge (1941) have successfully used concentrated solutions 
of phenol in the preparation of the blood group A material from sources such as 
the pseudomucin of ovarian cysts. After extraction of the tissue with 80-90 
per cent aqueous phenol, the addition of ethanol threw down the specific blood 
group substance in a greatly purified form, but it must be noted, no separation 
of the carbohydrate-containing moiety from the nitrogenous part of the complex 
occurred during this treatment of the antigen. 

Ninety per cent aqueous phenol (prepared by adding 10 ml. of water to 90 g. 
phenol) was used as above in an attempt to dissociate a biologically active fraction 
from the standard purified antigen preparation, but no evidence of such fractiona- 
tion was forthcoming. 

Eighty mg. of standard purified antigen were ground in a mortar with 10 ml. 
of 90 per cent phenol, and after standing overnight the mixture was centrifuged, 
the residue being mixed with a further 5 ml. of the phenol, left overnight and 
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again centrifuged. The undissolved material was washed with ethanol and ether 
and dried. Ethanol was added to the phenol extract to 25 per cent concentration 
by volume, and after standing 24 hours at 0° C. the precipitate was centrifuged 
off, washed and dried. Ethanol was added to the supernatant liquid to raise 
the concentration to 50 per cent, and after standing 24 hours at 0° C. the precipi- 
tate was centrifuged off, washed and dried. A third precipitate was similarly 
obtained at 75 per cent ethanol concentration, but as nothing was precipitated at 
90 per cent concentration the final phenol ethanol liquor was dialysed against 
running tap water, and finally against distilled water. When tested on allergic 
individuals the various fractions gave the results reproduced in Table VI, from 
which it is clear that activity was spread over all principal fractions. 


TaBLE VI.—Biological Activities of Preparations Obtained from Standard Crude 
Antigen by Phenol : Ethanol Fractionation. 


Patient 1. Patient 2. 
Fraction. Concentration. Concentration. 


—_—_—_—_Ias“*®Ee! Vv" -__—\_a——. 
be sa carn ae ae | a Lx 10, 2: 10-*. 


Standard crude antigen : ; + ; f+ +f — 
Insoluble in 90% phenol . : + + + : fe Di 
Precipitated by 25% ethanol . +++ : ++ 

” ”? 50% ” . + + ° + + 

” 9 75% ” ° “ + ; ° a + 
Residual solution ‘ : — ‘ 


Electrophoretic examination of the standard purified antigen. 


Since electrophoresis in the Tiselius apparatus not only affords indication of 
the degree of purity of a preparation, but also frequently enables components 
of a mixture to be separated, a 2 per cent solution of the antigen was equilibrated 
against phosphate buffer of pH 8-0 (0-2u). This solution was examined* with 
the following results : 

Two main components were present, a colourless fraction of extremely low 
mobility, and a coloured fraction which migrated at a velocity comparable with 
that of serum albumin (see Fig. 3). These fractions were separated, analysed 
and tested for biological activity with the following results (see Table VIT) : 


TaBLE VII.—Electrophoretic Examination of Standard Purified Antigen in Phos- 
phate Buffer at pH 8 (0-2u). 

Total hexose Total Ratio Biological 

Fraction. (orcinol) as nitrogen %. hexose activity 

galactose %. nitrogen. (arbitrary 
units). 
Starting material ; 57-0 ’ 7°12 ; 8-0 ; 100 
Fast (coloured) . ° 50-0 . 5:69 ‘ 8-8 ‘ 100 
Slow (colourless) ‘ 59-0 ‘ 5-38 ‘ 11-0 ‘ 100 


* Electrophoresis kindly performed by Dr. R. A. Kekwick, The Lister Institute of Preventive 
Medicine, 8.W. 1. 
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Table VII indicates that the two components of our standard purified antigen 
differ little in chemical composition or in activity ; in particular, no patient has 
yet been found who will react to one, but not the other fraction. Dust-allergic 
patients, whether sensitive or insensitive to moulds, react equally to both fractions. 


Fic. 3.—Electrophoretic pattern afforded by the standard purified antigen (pH 8-0; 0-2,). 


These considerations suggest the following possibilities : 

1. There are two distinct antigens, closely similar in chemical composition, 
but differing in the number of charged groups per molecule. Patients so far 
investigated have been sensitive to both fractions. Or— , 

2. There is only one antigen (or mixture of chemically indistinguishable 
antigens), a portion ‘of which becomes adsorbed on to the colouring matter present 
in the solution and migrates with it. Or— 

3. The antigen comprises only a small proportion of the total material, the 
characteristics of which are therefore due mainly to non-antigenic material. It 
would be necessary in this case to postulate that some antigen was adsorbed 
upon a mobile and some upon an immobile constituent. 

It is difficult to decide between these possibilities, but further work in progress 
may help to solve the problem. 
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Isolation of chemically modified antigen. 

A hydrolysis with 0-5 n hydrochloric acid (100 ml.) similar to that previously 
described was performed upon 0:1 g. of standard crude antigen. After 30 minutes 
the mixture was cooled and a small precipitate removed. This proved to be 
biologically inactive. The residual liquid was dialyzed against distilled water 
until salt-free. A small insoluble residue was removed, but this proved to be 
inactive. To the remaining liquid acetone was added to 25 per cent concen- 
tration (v/v), but no precipitate formed. Further acetone was added to con- 
centration 75 per cent and the mixture left at 0° C. overnight. The precipitated 
material was collected, washed with alcohol and ether and dried in vacuo. The 
yield was approx. 20 mg. 

The composition of this material is recorded in Table VIII dealing with the 
electrophoresis of the substance. 


Electrophoretic examination of the chemically modified antigen. 

A solution of the chemically modified antigen was subjected to electrophoresis 
in phosphate buffer at pH 8-0 (u = 0-2). .Two distinct fractions appeared, a 
colourless, immobile or very slowly moving one, which was separated off at the 
upper cathode, and a fast-moving coloured component, separated at the upper 
anode. The residual portion in the middle of the U tube was also removed for 
biological testing. After dialysis of these fractions against distilled water, the 
dry weight/ml. of each was determined and appropriate dilutions made to bring 
each to a concentration of 1 part per thousand. Comparisons were then made of 
their biological potencies with respect to 3 dust-sensitive individuals, employing 
4-fold dilutions from 1 x 10-5 to 2-56 x 10-’, and including for comparison a 
similar series of solutions of the unhydrolysed standard purified antigen. 

The results (see Table VIII) showed : 

(a) The chemically modified antigen prepared by mild acid hydrolysis from 
the standard purified antigen had lost some potency when compared quanti- 
tatively with the latter. 

(b) Both the mobile and immobile components of the acid-hydrolysed antigen 
were biologically active. 

(c) In 2 out of the 3 patients tested the colourless, immobile component was 
equal in potency to the unseparated mixture from the middle portion of the cell, 
whilst the coloured, mobile component was slightly less active. In the third 
patient these relations were reversed. 

From the above results the inference may be drawn that mild acid hydrolysis 
of the standard purified antigen, which itself gives rise on electrophoresis to 2 
equipotent components, results in modified antigenic material similarly separable 
into 2 equipotent or nearly equipotent components. One of these is again 
coloured and mobile, and the other colourless and immobile. Chemical examina- 
tion has demonstrated their general similarity in composition. The acid treat- 
ment of the standard purified antigen reduced its bound carbohydrate content 
from approximately 55 per cent to 13 per cent, and this clearly has had little 
effect upon the electrophoretic properties of the remaining material. Once again 
it seems possible either that at least two antigens are present, physico-chemically 
but not biologically different, or that there is a single antigen, a portion of which 
is associated with a pigment and migrates attached to it in the electric field. 
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TaBLE VIII.—Biological Activities of Fractions Obtained by Electrophoresis of 
Chemically Modified Antigen. 


Patient 1. Patient 2. 
Concentration. * Concentration. 
: 1x10. 2:5x10-*. 6-25x10-7. 1x10-5. 2:-5x10-*. 6-25x 10-7, 
Starting material . f+ oe _ : + 
Fast (coloured) ‘ + + — : . — 
Slow (colourless) . a = — ; “= 


Patient 3. 
Concentration. 


rarr———————n en 
1 x 10-4, 2-5 x 10°, 6-25 x 10-7. 
Starting material . ++ , + j -- 


Fast (coloured) ~. t+ i. “+ ’ - 
Slow (colourless) . + ‘ ae le — 


Inhibition of A- and B-isoagglutination by the standard crude dust antigen. 


In view of a certain chemical similarity between the blood-group A substance 
(Morgan and King, 1943) and the dust allergen, it seemed of interest to see whether 
the dust allergen would behave serologically in a way similar to the group 
specific factors. The experiments were based on the ability of the latter to inhibit 


the agglutination of typed cells by the corresponding antibody, 

Human sera—6 anti-A, 13 anti-B and 8 anti-Rh (anti-D)—were selected. Two- 
fold serial dilutions of 1 unit of serum in normal saline were carried out in two 
rows of 1/8 in. wide tubes. To each tube of row 1 was added 1 unit of standard 
crude antigen diluted in isotonic phosphate buffer (pH 7-4). To each tube of 
the second row was added 1 unit of normal saline. Each solution was mixed 
with 1 unit of the appropriate red cells in citrate suspension. The tubes were 
allowed to stand for 2 hours at 37°C. The titre was expressed as the reciprocal 
of the greatest dilution of the sera causing agglutination, the end, point being 
read microscopically. The results are presented in Table IX. 

Agglutination was inhibited in all the anti-A and anti-B series. Of the anti-A 
and anti-B sera, 7. out of 19 were taken from dust-sensitive individuals. The 
lowering of their agglutinin titre was of the same order as in the case of donors 
chosen at random. Inhibition of anti-A and anti-B sera occurred equally well 
at room temperature and at 37° C. There was no inhibition in the case of the 
8 anti-Rh sera. 

Although the diluted crude dust antigen did not inhibit the Rh agglutination, 
its effect was about équally marked on both anti-A and anti-B isoagglutinins. 
The action differs, therefore, from the specific inhibitory effect of the A and B 
group specific factors, and is of a considerably lower order than the inhibition 
produced by these. 

A quantitative comparison with highly purified A and O specific substances 
(the O anti-O system also being inhibited) and with crude B specific substance, 
kindly carried out by Dr. W. T. J. Morgan, showed the dust antigen to have 1-0 
and 0-6 per cent of-the activity of A and O substances respectively, and 25 per 
cent of the activity of the crude B preparation employed. 
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TaBLeE IX.—The Inhibition of Anti-A and Anti-B Isoagglutination by Standard 
Crude Dust Antigen. 


Agglutinin titre. 


; Serum and dust. Serum and saline. 
Anti-A sera: 


Random samples 256 


8 
8 
16 
16 
4 
8 


Sample of dust-sensitive subject 


Anti-B sera: 

Random samples ‘ ‘ : 16 

16 

8 

8 

32 

32 

4 

Samples of dust-sensitive subjects . + 


Anti-Rh sera (anti-D) . 


DISCUSSION. 


The investigations here described have shown that it is possible to obtain 
from house dust specific antigenic material in a high state of purity. Although 
much bound carbohydrate is present in such material, the specificity would appear 
to reside in an association of amino-acids, revealed by hydrolysis and chromato- 
graphic examination, since a very mild hydrolysis of short duration, sufficient 
to convert some 80 per cent of the carbohydrate into free reducing sugar without 
liberating any amino-acids, leaves the biological potency of the antigen unimpaired. 
Liberation of amino-acids is accompanied by rapid loss of potency. / 

Both the unhydrolysed antigen and the chemically modified antigen derived 
from it by mild acid hydrolysis exhibit two main components when examined 


23 
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electrophoretically. Analysis indicates little difference in composition or bio- 
logical potency between respective pairs. The interpretation of this finding is 
difficult, but it is at any rate clear that it provides no evidence for the presence of 
a multiplicity of different antigens. 

Any work upon the dust antigen naturally raises again the question of its 
origin. Our clinical tests confirm the experience of others that dust sensitivity 
ean be fairly specific. We have, however, shown that biologically active materials 
isolated from some moulds conform to the same general chemical pattern as the 
dust antigen. This point will be discussed in a later paper of the series. 


SUMMARY. 


1. A procedure has been elaborated for the extraction from house dust and 
purification of the material giving positive dermal reactions in dust-sensitive 
individuals. 

2. Methods have been devised for the quantitative evaluation of potency of 
such extracts. 

3. Our “ Standard Crude Antigen ”’ contains 35-50 per cent of ash (mainly 
NaCl and Fe+*+*+ and Al+++), but this may be reduced to about 1-5 per cent, 
affording a “Standard Purified Antigen.” 

4. The standard purified antigen contains 20-30 per cent of hexose, as deter- 
mined by the orcinol method, and 2-3 per cent of nitrogen. 

5. Hydrolysis with acid under suitable conditions liberated a reducing sugar 
identified chromatographically as galactose and a number of simple amino-acids. 
No tyrosine or histidine was present, and only traces of amino-sugar too small 
to be determined chemically. The possible destruction of tyrosine has been 
considered. 

6. Mild acid hydrolysis (0-5 Nn HCl for 0-5 hr. at 100°) liberated about 80 per 
cent of the carbohydrate from the standard purified antigen as reducing sugar 
without liberating amino-acids. Isolation of the residuum yielded a chemically 
modified antigen retaining undiminished biological activity, and containing 
approximately 12 per cent hexose (orcinol method) and 10 per cent N. 

7. When subjected to electrophoresis at pH 8 both the standard purified 
antigen and chemically modified antigens exhibit two main components, one 
immobile and colourless, the other mobile and associated with the colour of the 
solution. These are similar in chemical composition and of approximately equal 
potency when tested upon dust-sensitive individuals. 

8. The standard purified antigen inhibits the agglutination of A, B or O 
erythrocytes by their respective anti-sera, but the inhibitory activity is of a low 
order in comparison with that of the best available preparations of the A, B and 
O group specific factors. The agglutination of Rh-positive cells by anti-Rh sera 
was not inhibited by the dust antigen. 


We are grateful to several colleagues for helpful suggestions and for the interest 
they have shown in the work ; in particular we wish to thank Prof. Raistrick 
and Dr. Morgan, Dr. Loutit and Mr. Daggett. The chromatographic examina- 
tions for amino acids and sugars were carried out by Dr. C. E. Dent, Dr. C. E. 
Work and Mr. G. A. Rose. One of us (D. E. 8.) wishes to thank the Medical 
Research Council for a personal grant. Dr. F. Necker kindly carried out the 
‘agglutination inhibition tests. 
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In 1924 Storm van Leeuwen (1924) called attention to the part played by 
mould allergens in the cause of “ climatic asthma,” prevalent in Holland. He 
tested such asthmatics intracutaneously with extracts of six different moulds of 
the genera Aspergillus, Mucor and Penicillium, and obtained reactions in 50 per 
cent of the cases. In the same year Cadham (1924) reported instances of asthma 
due to sensitization to grain rusts. These observations, following upon the demon- 
stration by Cooke (1922) of allergic reactions to household dusts, led several 
allergists to believe that moulds were the cause of dust sensitivity. 

This hypothesis was encouraged by Brown (i936), who based it, however, 
on the observation of a single case, an asthmatic subject reacting to dust extract 
and to Alternaria cultured from his house dust. Cohen (1929), too, in his early 
work, believed that infestation with moulds caused dust to develop allergenic 
properties. He observed that asthmatics reacted to dust collected from the 
kapok of their cotton mattresses, but not to dust of the fresh material... After 
new mattresses had been substituted for the old ones, dust collected from them 
after several months again gave positive tests in these patients. 

Neither Cohen nor Brown could substantiate their hypothesis in later work. 
Brown obtained mostly negative results when he tested dust-sensitive patients 
with moulds and bacteria cultured from the dusts to which they were sensitive. 
Furthermore, cotton seeds inoculated with all the micro-organisms isolated from 
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the reacting dust and kept for one month yielded extracts which failed to react 
in dust-sensitive patients. Cohen, Nelson and Reinarz (1935) claimed that 
cotton linters left in autoclaved, airtight jars for several years acquired the 
capacity to react with dust-sensitive individuals, but this was apparently due 
to ageing without the interference of moulds. 

Much work has been done since on the various types of moulds which give 
positive skin tests in allergic individuals, but the question whether the reactions 
to moulds and to dust are caused by the same factor has not yet been decided. 
Practically nothing is known concerning the chemical nature of the substances 
which cause sensitization produced by moulds, although Hassid, Baker and 
McCready (1943) have described the pteparation of an immunologically active 
polysaccharide produced by Coccidioides immitis (Rixford and Gilchrist). This 
preparation had a nitrogen content of 2-3 per cent, and on hydrolysis yielded 
20-40 per cent of reducing sugars. The compound gave a negative biuret test 
for protein, like our dust antigen, on the strength of which the authors concluded 
that a non-protein nitrogenous compound was associated with the polysaccharide. 
No attempt was made to detect or identify amino-acids following hydrolysis of 
the complex. 

It seemed of interest, particularly in view of the above-mentioned chemical 
observations, to include in our work on the dust antigen some investigations 
upon common moulds. 


EXPERIMENTAL. 


Investigations with extracts of moulds grown in pure culture and with their culture 
uids. 


fi 
It was decided that suitable patients should be tested with standard crude 
antigen, and with pooled extracts from cultures representing eight common 
genera. Pure strains of these moulds (Table I) were kindly supplied by Prof. 
Raistrick, of the London School of Hygiene and Tropical Medicine. 


TaBLE I.—Moulds Used for Preparing Extract for Biological Testing. All Strains 
Grown Separately, Extracted and the Extracts Pooled. 


Aspergillus spp. . : ; ; . 13 strains. 
Penicillium spp. . ‘ a ; ss 
Mucor spinosus . ‘ ; ° : strain. 
Rhizopus nigricans ; ; _ ; ” 
Cladosporium herbarum ‘ eens ei 
Alternaria spp . , ‘ . ; strains. 
Trichoderma viridans . ‘ ' > strain. 
Caldariomyces fumago . ‘ ; : _ 


Each mould was grown on Czapek-Dox medium for one month at 25° C., the 
growth removed and ground in a mortar with sand and 10 ml. normal saline, 
and the suspension then filtered through a sintered glass funnel. The extract 
so obtained was sterilized by steaming at 100° for 0-5 hour on three successive 
days, after the addition of phenol (0-5 g./100 ml.). 

The medium on which the mould had grown was filtered through a No. 1 
Whatman filter paper, and the filtrate sterilized as above after the addition of 
phenol to the same concentration. 
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The absence of irritation in the normal skin by any of the extracts used was 
proved by injecting pooled mould extracts (approx. 3 x 10-*), mould culture fluids 
and media controls into 15 non-allergic persons; in no case was a reaction observed. 
Solutions of dust antigen of concentration 1 x 10-* were included in the present 
survey, although it is realized that at present we are not able to state whether 
a threshold reaction to dust antigen at this dilution represents a low grade sen- 
sitivity to dust (i.e. a weak reactor) or a non-specific reaction. For discussion of 
such reactions see Maunsell, Whetnall and Rimington (1947). 

Cases of vasomotor rhinorrhoea (62 in all) were now tested for dust and mould 
sensitivity, 45 being found dust sensitive, and of these 15 also gave reactions to 
moulds (extracts and media). None of the 62 patients displayed sensitivity to 
moulds accompanied by insensitivity to dust. These results are collected in 
Table IT. 


TaBLE II.—Skin Tests with Dust Allergen, Pooled Mould Extract and Culture 
Fluids upon Patients Suffering from Vasomotor Rhinorrhoea: Number of 
Individuals in Brackets. 


+ to moulds (extract and culture) (15) 
— to moulds (extract and culture) (30) 
+ to moulds (0) 

— to moulds (17) 


+ to dust (45) 


Subjects (62) 
— to dust (17) 


It seemed possible that the differences in sensitivity to dust and moulds might 
be only of a quantitative nature. Skin titrations were therefore carried out with 
dust antigen, and a test injection was also made with a standard dilution of 
pooled mould extracts in a series of 36 dust-sensitive patients, who suffered from 
bronchial spasm and rhinorrhoea, to see whether the dual sensitivity was detec- 
table in those reacting strongly to dust as opposed to those more feebly dust- 
sensitive. 

In this series 12 of the 36 patients reacted to both dust and moulds, and titra- 
tions showed that no such quantitative relationship existed as that postulated 
above. Some of the strongest dust-reactors gave no reaction to moulds, whereas 
some weakly dust-positive patients did so (see Table III). In addition to the 
strains of fungi used in the above studies, Prof. Raistrick also kindly put at our 
disposal five preparations of material, predominantly polysaccharide in character, 
obtained from the following organisms : 

Penicillium roqueforti. 
ie capreolinum. 
me tardum. 
re funiculosum. 
Caldariomyces fumago. 
It appeared of interest to test them on suitable patients, particularly in view of 
our own work on the chemical nature of the dust antigen and the report of Hassid, 
Baker and McCready (1943), already mentioned, concerning the nitrogen-con- 
taining polysaccharide material which they obtained from Coccidioides immitis. 
The preparations were dissolved in carbol-saline (1 mg./ml.), sterilized in the same 
way as the dust antigen, and serial dilutions prepared. Intradermal tests using 
a concentration of 1 x 10-* were negative in 5 non-allergic controls, and in two 
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TaBLE ITI.—Sensitivity to Moulds of Subjects Exhibiting Varying Degrees of 
Sensitivity to Dust Antigen. 
Case. Threshold of dust Reaction to 


sensitivity. pooled mould 
extract. 


1 x 10-4 


1 
2 
3 
4 
5 
6 
7 
8 
9 


> 
cases who had been found sensitive to dust antigen but insensitive to pooled 
mould extract. Positive tests were obtained, however, with 5 persons who reacted 
to both dust antigen and moulds. Some differences were seen in the strength 
of the reactions to the polysaccharides from the different species, but the number 
of cases tested was too small to allow of significant conclusions on this point. 
The results are collected in Table IV. 
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TABLE 1V.—Titrations in Subjects Sensitive to Dust Antigen and to Moulds' of 
Threshold Concentrations with Polysaccharides Isolated from Moulds. vl 
Threshold concentration of polysaccharides derived from— é 
Caldariomyces | 
fumago. 
ix ae° 
25D ae. 
. Not tested 


Penicillium 
funiculosum. 
Lx 16+ 
: xi 
1 x 10-4 


Penicillium 
capreolinum, 


1 x 10-4 

1 x 10-5 

1 x 10-4 
. Not tested 


Penicillium 
tardum. 

10-4 

10-5 

10-4 

10-5 


Penicillium 
roqueforti. 
1.x 10“ 
x 10-5 
x 10-4 
x 10- 
Xx + 10-4 29 > 
x 10-3 10-8 ix 19° I x 10-3 


Five non-allergic subjects and 3 subjects sensitive to dust but not reacting to, 
moulds gave negative tests with each polysaccharide at 1 x 10-3. 


. Not tested . o 


1 x 10-3 


Chromatographic Investigations. 

The ‘“ polysaccharide ’” materials derived from Caldariomyces fumago, Peni- 
cillium roqueforti and Penicillium tardum were investigated by partition chromato, 
graphy as described by Rimington, Stillwell and Maunsell (1947), and the results, 
obtained are presented in Table V. 


TABLE V.—Ezxamination of Amino-acids by Partition Chromatography after Acid 
Hydrolysis of Materials Predominantly Polysaccharide in Character Isolated 
from Moulds (Raistrick). 


Caldariomyces fumago. 


1-08% 
Cysteic acid,* 
Glutamic acid 
Aspartic acid 

Serine 

Glycine 

Threonine 

Alanine 

Valine 

Leucine 
Histidine and tyrosinet Absent 


* Probably derived from cystine. 


Nitrogen content 
Amino-acids present . 
after 24 hours’ hy- 
drolysis with approx. 

6N hydrochloric 
acid 


Penicillium 
roqueforti. 
280%, 
Cysteic acid,* 
Glutamic acid 
Aspartic acid 
Serine 
Glycine 
Threonine 
Alanine 
Valine 
Leucine 
Absent 


Penicillium 
tardum. 


Glutamic acid 
Aspartic acid 
Serine 
Glycine 
Threonine 
Alanine 
Valine 
Leucine 
Absent 


+ Destruction of tyrosine during hydrolysis under these conditions cannot be excluded. 


DISCUSSION. 


It is apparent that a general chemical similarity exists between the three poly- 
saccharide products derived from moulds of which we had sufficient material to 
carry out a chromatographic examination after hydrolysis and the preparations 
of dust antigen which we have studied (Rimington, Stillwell and Maunsell; 
1947). All consist of a polypeptide-like grouping of simple amino-acids associated 
with a polysaccharide complex. The usual colour reactions for proteins are not 
given by these materials. 

It is of interest that when a comparison was made of the sensitivity of patients 
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to house dust antigen and to moulds or the isolated mould products, some indivi- 
duals were found to be sensitive to both dust and moulds, but no quantitative 
relationship existed between these manifestations of allergic sensitivity. Other 
patients were sensitive to dust only. As mentioned above, no patient was found 
sensitive to moulds but insensitive to dust. 

From these results it is clear that much more work will be required upon the 
chemical extraction and purification of the antigens present in various allergenic 
inhalants, and then an extensive examination of the most highly purified products 
obtainable for cross-reactions when tested upon sensitive individuals, before any 
conclusions may be yeached concerning the origin of the allergen present in 
household dusts. We feel that the pollens which have already been so exten- 
sively investigated should also be submitted to more rigorous chemical examina- 
tion along the lines which we have shown to be useful in the present instances. 


SUMMARY. 


1. A comparison has been made of the reactions given by allergic individuals 
to’ purified house dust antigen, the pooled extracts of 26 strains of mould grown 
in pure culture, the culture fluids obtained from the latter, and also to materials 
predominantly polysaccharide in character isolated from 4 species of Penicilliwm 
and 1 species of Caldariomyces. 

2. Some patients gave positive reactions to both house dust and mould 
products, others were sensitive only to house dust. No patient was sensitive 
to moulds and insensitive to house dust. 

3. Titration of threshold values in the skin showed a lack of quantitative 
relationship between dust and mould sensitivity. 

4, Examination of 3 of the nitrogen-containing polysaccharide materials from 
moulds by chromatography after acid hydrolysis revealed the presence in them of 
several of the simple amino-acids. In this respect they resembled, chemically, 
the purified antigen from house dust. 


We wish to thank Prof. Raistrick and Mr. G. Smith of the London School of 
Hygiene and Tropical Medicine for kindly providing us with several strains of 
micro-organisms, and also for the metabolic products which we have examined 
chemically and biologically. Dr. Dent performed the chromatographic analysis. 
Our thanks are due to Dr. Loutit and Mr. Daggett for their helpful interest. One 
of us (D. E. S.) wishes to thank the Medical Research Council for a personal 


grant. 
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Riineron, Stillwell and Maunsell (1947) have reported the purification of 
the dust antigen and a study of its chemical properties and biological activity. 
In a later paper (Stillwell, Rimington and Maunsell, 1947) consideration was 
given to the chemical and biological relationships discernible between the dust 
antigen and moulds or mould products. With a view to future clinical employ- 
ment of this antigen, we felt it desirable to obtain some evidence relative to 
its use in the diagnosis of allergy, and preliminary information concerning its 
therapeutic value. 


Skin titrations with crude dust antigen in unselected persons. 


Skin titrations with crude dust antigen were carried out on 59 persons in an 
unselected population, their age group varying between 20 and 60 years. Notes 
were taken as to whether or not there occurred in their past or present history 
such allergic symptoms as hay fever, perennial rhinorrhoea, bronchial spasm 
with or without bronchitis, urticaria, contact dermatitis or neurodermatitis. 

Method.—For source of material, purification and sterilization, and for 
technique of methods of testing, of skin titrations and reading of reactions see 
Rimington, Stillwell and Maunsell (1947). 

“* Crude dust antigen ” (10 mg.) was dissolved in 10 ml. of normal saline con- 
taining 0-5 per cent of phenol. Starting with this solution three serial dilutions 
of 1 in 10 were prepared with carbolsaline. The solutions of dust antigen of con- 
centrations (w/v) 10-4, 10-5 and 10-®, and carbolsaline as control were then 
used for testing. The strength of the weakest solution of test material which 
gave a positive reaction was noted as the “ threshold-reaction.” 

Results.—These are set out in Table I. Out of the 59 persons, 2 who gave 
positive tests with carbolsaline were excluded from this investigation. The 
remaining series of 57 persons was divided into a “ normal group ” or 49 subjects 
without any allergic history, and an “ allergic group ”’ of 10 persons who in some 
phases of their life had suffered from allergic symptoms. The skin reactions to 
dust antigen differed considerably in the two groups. In the normal group no 
individual gave threshold reactions to dust antigen in a dilution 10-*, 3 reacted 
to 10-5, and 17 to 10-4. _In the allergic group 4 persons gave a threshold reaction 
to a dilution 10-®, 3 to 10-5 and 2 to 10-*. As for negative tests, 29 from the 
normal group (58 per cent) were negative to 10-*, whilst out of the allergic group 
only 1 person (10 per cent) failed to react. 
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TaBLeE I.—Skin Titrations with Crude Dust Antigen in an Unselected Population. 
57 Persons. Age Group 20-60 Years. 
Threshold reactions. 


—~ 


Number of Positive. Negative. 


persons. 


= — 
Carbolsaline . : 57 : 5; 57 


Dust dilutions ‘ “ " 10-4 
Normal group . : 49 ; 0 17 : 29 
Allergic group . ‘ ae 4 2 ’ 1 


Since in the normal group about 34 per cent reacted to dust in dilutions of 
10-*, but only about 6 per cent to dust dilutions of 10-5, it was decided for diag- 
nostic purposes to use the antigen no stronger than in a dilution of 10-5. We 
may in so doing, however, have missed a few weak dust-reactors. 


Skin tests in patients suffering from allergic syndromes. 

Eighty patients were subjected to skin tests because an allergic factor was 
suspected in relation to their clinical syndrome. 58 persons were suffering from 
perennial rhinorrhoea (Growp I), 12 persons were complaining of rhinorrhoea in 
conjunction with bronchial asthma and (or) bronchitis, neurodermatitis, urticaria 
(Group IT), and 10 were suffering from the latter symptoms without rhinorrhoea 
(Group III). The groups are set out in Table II, which records the results of 
the tests. 


TaBLE II.—Skin Reactions in Patients Suffering from Allergic Syndromes. 
N Positive reactions to 
umber of 


dust antigen in dilution 
patients. 10-5. 


Total tested ; ° 80 ‘ 55 
Group I: Perennial rhinorrhoea : ; 58 ‘ 41 
Group II: Perennial rhinorrhoea with bron- 

chial asthma and /or neurodermatitis and /or 

urticaria . 12 ; 7 
Group IIT: Bronchial asthma or neuroderma- 

titis or urticaria . ° ‘ ° ‘ 10 . 7 


Fifty-five out of. the total 80 patients gave reactions to dust antigen in a 
dilution of 10-5 and, so far as one could see from the small numbers, there was the 
same incidence of positive reactions in all three groups. 

In an attempt to correlate the clinical symptoms and the dust reaction, skin 
titrations were carried out with dust in serial dilutions ranging from 10-* to 10-’ 
(36 cases of perennial rhinorrhoea with or without asthma), the subjects with a 
low threshold-reaction (10-5 and 10-*) did not seem to be aware of any effect 
of dust on their symptoms, while 4 persons with a threshold reaction not less 
than 10-’ volunteered the statement that unusual amounts of dust, e.g. spring- 
cleaning, invariably brought on severe attacks. 

The relation between reactions to dust and to other allergens was checked 
in 45 out of the 80 cases. Tests were carried out with dust (10-5), cat hair, 
feather (0-1 per cent extracts in carbolsaline) and moulds (for types and prepara- 
tions see Stillwell, Rimington and Maunsell, 1947). 35 persons reacted to dust, 
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while 22 out of these 35 were also sensitive to one or more of the other allergens. 
No case has yet been found which reacts to one of the other allergens but not to 
dust (see Table ITI). 


TABLE III.—Skin Tests with Dust Antigen (1 x 10-5), Extracts of Cat Hair, 
Feather (0-1 per cent Extracts), and Mould Extracts in Patients Complaining 
of Allergic Symptoms. Number of Individuals in Brackets. 

+ to dust (35) “{ + to other allergens (22) 

— to other allergens (13) 
+ to other allergens (0) 
— to dust (10) | — to other allergens (10) 


Subjects (45) 


Desensitization. 


Eighteen allergic patients were treated by desensitization. All of them reacted 
to dust antigen (10-5 or in higher dilutions), and 11 reacted also to other inhalants. 
14 patients suffered from perennial rhinorrhoea with or without asthma, and the 
remaining 4 complained of asthma, urticaria and neurodermatitis without rhinor- 
rhoea. 10 females and 8 males were among this series, their ages ranging from 
11 to 52 years. The onset of their symptoms was given as 1 to 20 years pre- 
viously. In the 14 cases of rhinorrhoea the nasal symptoms consisted of sneezing 
attacks, especially in the early hours of the morning, obstruction and watery 
discharge. The colour of the mucosa showed the typical allergic paleness, and 
was sometimes oedematous. In some cases the mucosa appeared mauve and 
boggy. Hyperplasia and crenated appearance of the mucosa were recorded 
twice, and polypi three times. The absence of infective and purulent bronchitis 
was noted. 

During the period of desensitization no other treatment was carried out 
apart from occasional administration of benadryl and ephedrine when sympto- 
matic relief was necessary. All the patients were advised to avoid contact with 
excessive amounts of dust, but no special precautions were taken and no change 
of job or residence was attempted. 

Method.—The patients were given a course of intramuscular injections of 
“ crude dust antigen ”’ into the thighs starting with the weaker solution, 1 x 10-4 
in carbolsaline, in doses of 0-1, 0-4, 0-8 ml., and this course was followed imme- 
diately by injections of the stronger solution, 1 x 10-% in doses of 0-1, 0-2, 0-3, 
0:4, 0-5, 0-6, 0-7, 0-8, 0-9 ml., and 4 further injections of 1 ml. were then given. 
If the patient complained of severe local reactions, or reported marked increase 
of bronchial or nasal symptoms, the dose was not increased for the next injection. 
It was either repeated or, in some instances, even decreased. In this way the 
total amount given during one course of injections was approximately 10 mg. 
In the majority of cases the injections were made at weekly intervals, but in some 
patients they were given every second day. 

Reactions during desensitization—Local reactions occurred frequently, the 
area of injection becoming red and tender after a few hours and remaining painful 
for a number of days. Attacks of rhinorrhoea and asthma were reported, but 
there was uncertainty about their nature as constitutional reactions. There was 
no generalized urticaria brought on by any of the injections. No elevation of 
temperature was recorded. 





334 K. MAUNSELL, E. WHETNALL AND C. RIMINGTON. 


Clinical results —Improvement after treatment, not only of the local com- 
plaints but also of the general condition, was stated by 16 out of 18 patients. 
Sneezing attacks, obstruction and watery discharge were absent or diminished. 
Attacks of bronchial asthma became rarer and milder. Urticarial rashes (one 
patient only) disappeared. These statements were remarkable in those subjects 
who previously had undergone, without favourable results, other forms of treat- 
ment, e.g. zinc ionization, removal of polypi, submucous resection and desensitiza- 
tion with mixed inhalants. However, no support for these subjective statements 
was found by examinations of the nasal mucosa. 

The two patients who failed to show subjective improvement were a boy, 
aged 12, suffering from perennial rhinitis, with dust and mould sensitivity, and 
a young man, aged 20, who had had for 16 years a severe form of neurodermatitis 
with multiple sensitiveness, It may be noted that desensitization was attempted 
using only the dust antigen. 

Threshold titre before and after treatment.—Serial dilutions ‘of dust antigen, 
ranging from 10-* to 10-1° were made up in carbolsaline. An attempt was made 
to do skin titrations before and after treatment in all 18 dust-sensitive cases, but 
for practical reasons this quantitative assessment could be carried out only in 
13 patients of the series. Before and after treatment duplicate injections 
of 0-04 ml. of each serial dilution were given intradermally into the patient’s 
back, starting with the weakest dilution. The reading of the tests has been 
described by (Rimington, Stillwell and Maunsell (1947). The threshold 
reaction obtained before treatment is referred to as threshold A, and after treat- 
ment as threshold P. Titration A was in some cases repeated after a few days 
in order to assess whether or not significant spontaneous variations occurred. 
No significant variations were encountered in this particular instance. 

All 13 patients showed a marked decrease of the threshold reaction after 
treatment (see Tables IV and V). 


TaBLE V.—T ypical Examples of Decrease of Titre of Skin Reaction Before and 
After Treatment with ‘‘ Crude Dust Antigen.” 


Patient : : Ww. A-— B. A— 
Diagnosis . : Rhinitis. Rhinitis. 
Total dose . : 10 mg. 15 mg. 
Dilutions of dust Feb. 12, 1947. Feb. 26, 1947.* Nov. 10, 1946. Dec. 28, 1946.f 
antigen. 
1 in: 
10,240,000 
5,120,000 
2,560,000 
1,280,000 
640,000 
320,000 
160,000 
80,000 . sc . 
40,000 . 2 . ++ 
20,000 . i : 44 
10,000 . « debe, 


* Tested Feb. 28, 1947. t Tested Jan. 24, 1947. 
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Direct test for detection of blocking antibody.—Serial dilutions of the crude dust 
antigen were made in a series of tubes. To each tube was added an equal volume 
of the patient’s serum taken before treatment (dust-serum mixture). A cor- 
responding row was set up in which saline instead of patient’s serum was added 
to each tube (dust-saline mixture). Before desensitization, skin-titrations with 
these corresponding sets were carried out in the patient from whom the blood was 
taken. After desensitization, blood was taken again from the patient and the 
whole experiment was repeated, using the post-treatment serum. The ratio of 
the threshold titre of the dust-serum mixture to the dust-saline mixture was 
termed the “ blocking titre.” 

The patients’ serum inhibited slightly the skin reaction caused by the crude 
dust antigen. There was no significant variation between the blocking titre of 
the anti-treatment and the post-treatment serum (Table IV). 


DISCUSSION, 


It was observed that skin reactions were provoked by our dust antigen, in a 
dilution of 10** in persons with an allergic history but not in others, while reactions 
to stronger concentrations occurred also in some persons without an allergic 
history. Efron, Boatner and Pabst (1940, 1941), studying the reactions of their 
purified house dust extracts, also noted positive reactions in persons with no past 
or present history of allergy. By using the scratch test they found 7-5 per cent of 
positive reactions in the normal group and 78-1 per cent in the allergic group. 
When using the intradermal method and injecting 0-01 ml. of the material, they 
found that dilutions stronger than 2 x 10-5 reacted not only in the allergic group, 
but also in the normal group. 

The reactions to dust in persons without allergic symptoms are susceptible 
to explanation in two ways: Firstly, weak antibodies directed against dust may 
be present in the majority of persons, but reach a high titre only in those indivi- 
duals who have been more than usually exposed to dust or who naturally produce 
antibodies of high titre. Secondly, the reactions may be due to the presence 
of histamine or histamine-like substances in the dust antigen-or to irritants 
which cause the liberation of these substances in normal skin. Similar observa- 
tions on the reaction to dust have been made in animal experiments. Coulson 
and Stevens (1939) reported not only anaphylactic reactions in guinea-pigs sen- 
sitized to dust, but also anaphylactoid reactions to intravenous injections of dust . 
solutions in unsensitized guinea-pigs. Friedmann (1939) demonstrated the narrow 
margin between the minimal anaphylactic dose of dust antigen in the sensitized 
guinea-pig and the anaphylactoid dose in the unsensitized animal. 

The observation that dust in stronger concentrations may simulate allergic 
reactions in normals does not contradict the theory of a dust antigen-antibody 
reaction in allergic persons. In fact, the general irritating properties of dust 
may simulate the production of antibodies in non-sensitive persons, and there 
seems to be little doubt that the mucous membrane of the respiratory tract, when 
sensitized, can respond to contact with dust by rhinorrhoea and bronchial asthma. 
Multiple reactions of allergic patients to dust and to other inhalants were noted 
also by Wagner and Rackemann (1937), and the theory that the dust antigen may 
consist of a variety of antigens cannot be rejected. However, since in some cases 
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there occurs an apparently specific dust sensitivity, there may exist a specific 
dust antigen, not identical, but closely related to the other inhalants. 

Desensitization with dust extracts in dust-sensitive cases has been carried out 
by Sutherland (1942), and by Efron and his co-workers (1941). Both authors 
reported good results. In our series of 18 cases there also appeared to be improve- 
ment, which was supported by the raising of the threshold reactions. We are, 
however, hesitant to assess the clinical results of treatment in a comparatively 
small number of allergic cases observed only for a short time after termination 
of desensitization. Allergic patients are known to pass through phases of attack 
and of spontaneous remission. These fluctuations may be due either to variations 
in extrinsic factors, such as the seasonal appearance of pollen and spores of moulds 
in the air, or spontaneous remissions may be caused by intrinsic factors of unknown 
origin. Great caution is therefore necessary in assessing improvement of allergic 
patients after desensitization. The regular decrease of the threshold reaction 
after treatment to dust is, however, an encouraging objective sign, denoting 
immunological changes induced by the injection of the antigen. More serological 
work is needed to reveal the mechanism leading to this decrease in the dust 
threshold reaction. The titre of the dust reagins, before and after treatment, 
has not yet been determined. The failure to detect a blocking antibody should 
not discourage further investigation. 

The clinical and biological results make us feel that more work on this subject 
should and must be done. It should be carried out on a large number of cases, 
with follow-up of varying length of time and with an equal number of controls 
given courses of carbolsaline only. In such a way it might be shown whether 
improvement occurs in the majority of cases, whether it is lasting or of short 
duration, and whether a maintenance dose given at various intervals will prevent 
relapse. Furthermore, it should be ascertained whether the disappearance of 
crenated and hyperplastic mucosa and of polypi can be achieved. 


SUMMARY. 

1. “ Crude dust antigen ”’ dilutions of 10-5 produced skin reactions by intra- 
dermal tests in about 6 per cent of normal subjects and in 70 per cent of persons 
with allergic symptoms. 

2. Allergic symptoms of the respiratory tract seemed to be provoked by a 
dusty atmosphere in subjects with a threshold reaction to dust in dilutions not 
less than 10-7 

3. Sensitivity to dust and to other inhalants occurred often together in the 
same subjects. No case was found, among 80 allergic patients tested, which was 
sensitive to feather, cat hair or moulds and not to dust. Many patients exhibited 
sensitivity to the dust antigen but not to moulds or any other material tested. 

4. Eighteen allergic patients suffering from perennial rhinitis and allied 
conditions who received one course of injections of dust antigen claimed 
improvement during treatment. The changes in the nasal mucosa did not return 
to normal. 

5. A decrease of the threshold reaction to dust was obtained during treatment. 

6. A blocking antibody was not found. 


We are grateful to Mr. V. E. Negus, Mr. W. I. Daggett, Mr. Terence Cauthorne 
and Dr. J. F. Loutit for their kind interest in this work. We wish to thank Miss 
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D. E. Stillwell for preparing the dust antigen and the mould cultures, and Prof. 
Raistrick for supplying us with pure strains of moulds. 
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THE object of this communication is the development of the serological typing 
of C. diphtheriae as a tool in studying the epidemiology of diphtheria and in the 
elucidation: of certain more theoretical problems. 

Earlier workers (Nicolas, 1896; Eagleton and Baxter, 1921) were handi- 
capped because the organisms had not been classified into the gravis, inter- 
medius and mitis groups (Anderson, Happold, McLeod and Thomson, 1931). 
There has been progress since this classification was introduced (Ewing, 1933 ; 
Robinson and Peeney, 1936; Sia and Huang, 1939; Tarnowski, 1942), but 
serological typing is still confined mainly to gravis strains, and has not become 
a routine procedure with diphtheria as with other organisms despite its potential 
value. In part this lack of development is due to difficulties in technique, and 
the typing of intermedius and mitis strains has received little attention. 

Confusion is caused by using the word types to express the gravis, intermedius 
and mitis groups of strains, although a bacterial type is usually regarded as a 
serological entity. Since the classifications gravis, intermedius and mitis are 
not based on serological differentiation, and since each group consists of a number 
of different serological types, it is suggested that they should be described as 
groups and that types should be confined to serologically distinct strains. In 
this communication therefore grouping is the separation into the gravis, inter- 
medius and mitis forms, and typing is the further differentiation of strains by 
serological methods, in this case by agglutination. 
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The aim, therefore, is to develop a rapid and simple method of typing strains 


of the gravis, intermedius and mitis groups, and to study further the theoretical 
implications of the results obtained. 


MATERIAL AND METHODS. 


Strains. 

Both recently isolated strains from this country and abroad, some directly 
from throat swabs, and older strains kept in laboratory sub-culture for varying 
periods of time, were investigated. 


Group differentiation. 


On 0-04 per cent tellurite ‘‘ chocolate ” agar plates most intermedius strains 
are readily distinguishable by their small size, and confirmation is obtained by 
the barred appearance in stained smears from Loeffler serum slopes. Gravis 
and mitis strains are often indistinguishable in colonial form, but are immediately 
differentiated by fermentation tests in a serum water medium containing dextrose, 
saccharose or starch. The medium used contained 5 per cent normal horse 
serum, 0°5 per cent peptone, 0°1 per cent of the sugar, and Andrade’s indicator. 
This was found to be superior to plain serum water medium, and clear-cut reactions 
were obtained after 18 to 42 hours’ incubation. 

Difficulty was observed in freeing some strains from the last traces of contami- 
nation with cocci or with strains of different serological type. On tellurite 
blood agar plates it appears that mixed cultures of diphtheria with other organisms 
sometimes multiply in single colonies in symbiosis and are difficult to separate. 
The addition to blood agar media of selenite has proved of value for the final 
isolation of some strains, and this has been used in the later stages of the work, 
in addition to tellurite media. Symbiotic multiplication of different organisms 
in single colonies appears to be sometimes less in selenite-containing media, and 
although the selenite has some inhibitory action on the growth of diphtheria 
bacilli, contaminants are frequently unmasked in its presence, and colonies of 
different organisms differ considerably in colour and form simplifying isolation.. 

Any of the usual solid culture media can be used as the basis of the medium, 
e.g. laked blood agar, heated (chocolate) blood agar, and serum broth agar. 
Usually 0°01 per cent of neutralized sodium acid selenite is added to the medium, 
and the colonies which develop vary in form, as on telurite blood agar, from 
smooth domes to the crenated umbonate type. The colour varies from uniform 
coral red to mixtures of white and red. 

It should be noted that on a number of occasions two different strains of 
C. diphtheriae have been isolated from single throat swab cultures ; sometimes 
these were of different group, and sometimes of the same group but of different 
serological type. 


Haemolysis. 


The technique of observation of haemolytic activity has been described 
previously (Hewitt, 1947). A 24-hour culture in papain digest medium (1 ml.) 
is incubated with a 10 per cent suspension of rabbit erythrocytes (0°5 ml.) at 


24 
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37°C. for 1 hour. The degrees of haemolysis observed vary from complete 
hemolysis to complete absence of haemolytic activity. Old strains should be sub- 
cultured immediately prior to testing for haemolytic activity in order to obtain 
consistent results, since dormant cultures show greatly reduced haemolysis. 


Agglutination technique. 


Since a rapid and clear-cut type differentiation was sought it was decided 
to abandon the usual technique of diphtheria agglutination, i.e. incubation for 
18-hours followed by a further period of standing at room temperature, but to 
incubate at 54° for 1 hour only and to read the results immediately. Equal 
volumes of serum dilution and bacterial suspension were mixed in Dreyer tubes, 
0°2 to 0°4 ml. of each being used, and the final serum dilutions ranged from 
1 in 50 to 1 in 10,000. 


Bacterial suspensions. 


The first difficulty encountered in the agglutination of C. diphtheriae is to 
obtain a smooth and stable suspension, owing to the tendency of the organisms 
to form large clumps which settle rapidly and make the observation of aggluti- 
nation very difficult. Lubowski (1900) met this difficulty by using glycerine, 
Ewing (1933) by reducing the salt content of the suspending fluid, Murray (1935) 
by using bicarbonate, and Robinson and’ Peeney (1936) by heating with 0-004 n 
sodium hydroxide. The method adopted in the present investigation was as 
follows: The strain, sub-cultured several times on Loeffler serum slopes, was 
sown thickly on serum agar slopes, of which the composition will be discussed 
in the next section, and incubated for 18 hours. The growth was washed off 
with 0°4 per cent formol saline, glass beads were added, and the clumps were 
dispersed by gentle mechanical shaking produced by slow inversion of the tubes 
about 60 times per minute for 1 hour. The suspensions were allowed to stand 
at room temperature overnight, and then diluted to contain about 2 x 10° 
bacilli per ml. by opacity comparison ; .10 per cent of 0°02 n NaOH was added, 
and after 1 hour’s gentle mechanical shaking the suspensions were ready for use. 
No heating was used at any stage. Quite good suspensions were obtained by 
this means, and after long standing they could be re-suspended by shaking by 
hand, the glass beads remaining in the rubber-stoppered tubes throughout. 
Occasionally a strain was encountered which required further shaking, but with 
the short incubation period required for agglutination (1 hour) the technique 
described proved adequate. 


Culture medium. 


Perhaps the greatest difficulty in the agglutination of diphtheria strains is 
to obtain cultures of reproducible and rapid agglutination properties, and the 
crux of the problem is found to be, as in many other bacteriological problems, 
in the selection of a suitable culture medium for the cultivation of the test orga- 
nisms. With different culture media it is possible to obtain cultures equally 
profuse in growth, but varying from the rapidly agglutinable to the apparently 
completely inagglutinable. Some strains are peculiarly sensitive to unsuitable 
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media and these can be used as test organisms. Every batch of medium should 
be tested for suitability with a test strain before being taken into use for the 
preparation of cultures for agglutination. It is advisable, therefore, to prepare 
fairly large batches of medium, and to use a selected one for a series of experiments. 

The basic medium used was a nutrient agar containing 10 per cent of normal 
horse serum. Variations in the serum and the use of whole blood or heated 
blood appeared not to be significant, but the composition of the broth basis of 
the nutrient agar was critical. Although, on occasion, papain digest, tryptic 
digest and peptone infusion broths were found satisfactory, different batches 
of each varied considerably in efficacy. Eventually 2 per cent peptone horse 
flesh infusion broth was selected for general use, and after trying many brands 
of peptone Evans bacteriological peptone was chosen. It was found advisable 
to use fresh meat rather than frozen meat, and to wash the flesh with cold water 
before preparing the infusion. 

The addition of sugars (dextrose or maltose) to the medium was found to be 
detrimental, as illustrated in Table I. 


TaBLE I.—Effect of Dextrose on Agglutination of Sensitive Diphtheria Strain. 
Dextrose added Serum dilution, 1 in— 
Alinta 50 100. 250. 500. 


0 Sas +++ + 
: 0 


ar 0 
0 0 0 
0 0 0 
+-+-+ Complete agglutination with clear supernatant. 
+-+ Incomplete agglutination. 


+ _Agglutination just visible to naked eye. 
0 No visible agglutination. 


Maltose and dextrose in the culture medium behaved similarly, and addition 
of sugars to Loeffler serum slopes also inhibited the agglutinability of the suspen- 
sions of organisms grown thereon. 


Preparation of agglutination sera. 


The bacterial suspensions used as antigens were prepared as described pre- 
viously, and tested for sterility before being used for injection. Rabbits were 
injected intravenously twice weekly with 7 or 8 increasing doses ranging from 
about 2 x 10’ up to 2 x 10° bacilli. One week after the last injection the 
rabbit was bled and a second bleeding taken 2 days later. A second course of 
4 or 5 injections with doses ranging from about 2 x 108 to 2 x 10° bacilli was 
then given and the animal again bled. In every case serum which agglutinated 
the homologous strain was obtained after the first course of injections. Sometimes 
the titre had risen after the second course, but in some cases the agglutination 
tended to be less specific. 

Some agglutinating sera were prepared in horses, the technique being the 
same but the doses were correspondingly increased and the yield of serum also 
augmented. No ill effects from the injections were observed. 
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RESULTS. 
Gravis types. 


The number of starch-fermenting strains examined in the present investi- 
gation was 170, but the scope of this survey is, in reality, much greater, since 
the sifting of a very large number of strains has been carried out by other workers 
whose results and collections have been available. In general, the serological 
reactions of gravis strains are clear-cut and specific when suitable culture media 
and sera are available, and it is tentatively concluded that 13 specific types can 
be distinguished. 

Type I.—This is Type A of Ewing (1933) and Type I of Robinson and Peeney 
(1936). It is by far the commonest gravis type in this country, and of 133 
strains isolated in this country during the investigation 112 have been of this 
type, but not one of the 36 strains isolated in Africa or in 7 European countries. 
The haemolytic activity of this type varies from the strongly haemolytic to the 
completely non-haemolytic. 

Type II1.—Corresponding to type B of Ewing and Type II of Robinson and 
Peeney, this type is less common in this country (10 out of 133) but is the most 
frequently occurring strain on the Continent (24 out of 28). Most strains are 
strongly haemolytic when freshly isolated, and the relation of this type to mitis 
Type II is discussed in the mitis section. 

Type III.—Ewing’s Type C and Robinson and Peeney’s Type III is occa- 
sionally encountered in this country (3 out of 133). When kept in laboratory 
sub-culture the fermentation of sugars proceeds tardily and agglutination reactions 
are sometimes poorly defined. It is generally non-haemolytic. 

Type IV.—-Type D of Ewing and Type IV of Robinson and Peeney was of 
African origin, and only one was encountered in this country in this investigation. 

Type V.—Robinson and Peeney’s Type V was of American origin and is 
apparently of rare occurence in Europe. 

Type VI.—This is a virulent non-haemolytic type, of which 4 strains 
have been isolated in this country. It bears some resemblance to Type III but 
appears to be a new type. 

Type VII.—A single strain isolated in 1946 in Austria from a tonsillar mem- 
brane was apparently of a new type and was virulent. 

Type VIII.—This singleton, isolated in the Middle East, was avirulent, but 
was haemolytic and apparently a new type. The question remains whether 
it is legitimate to describe an avirulent strain as gravis. 

Type IX.—The original strain (No. 16601) was isolated by Seydel in Warsaw 
in 1938. During the present work two further strains of this type were isolated, 
one from Warsaw and the other from Brussels. All strains were virulent but 
non-haemolytic. 

Type X.—The original strain was a singleton (No. 1947) isolated by Tarnowski 
in Copenhagen, but several strains isolated in the Middle East and in this country 
in Newcastle behave similarly when agglutinated. Some strains show some 
crossing with Type I and all are virulent, but further work is necessary to clarify 
the position. 

Types XI, XII, XIII.—These types are uncommon strains isolated in Poland 
and by Tarnowski in Scandinavia (No. 1023, 1565 and 1667). 





SEROLOGICAL TYPING OF C. DIPTHERIAE. 


Intermedius types. 


Intermedius strains are comparatively uncommon at present ; of 500 strains 
investigated little more than 10 per cent were clearly of the intermedius group. 
The number of strains investigated (57) probably does not justify any final 
conclusion but the present position can be surveyed. The initial difficulty is 
the recurring one of classification, which will be discussed later, but the position 
taken in individual cases is as follows: Wright and Christison’s (1935) Type VI 
strains have gravis type colonies, but they do not ferment starch and are aviru- 
lent ; these have been placed in the intermedius group by Tarnowski (1942), 
but are classified by the present investigator as atypical mitis. Two strains 
described by Frobisher, Adams and Kuhns (1945) as minimus were indistin- 
guishable from the intermedius group and are classified as such, in agreement 
with a personal communication from J. W. McLeod. It was not found possible 
to distinguish between Tarnowski’s strains 1027 and 473, and 4 types remain, 
which between them appear to contain 3 agglutinogens,m,nando. Antigens m 
and n are readily distinguishable, but n and o are more clearly related. The 
antigenic composition of the types might be represented as follows : 


Antigens 

present. 

Type Ia . : ; ‘ ; m 

ae ; : : m,n 

Typella . ; io ei : n 
ee : : ; : 


n, 0 


Type I.—This is a common type both in this country and on the Continent 
(20 strains), and most are of Type Ia. Strains are virulent but non-haemolytic. 

Type II.—This type is more common in this country than on the Continent 
(37 strains). Strains are virulent but non-haemolytic, and further work is 
required to distinguish readily between-sub-types [Ta and IIb. 


Mitis types. 

All strains are classified as mitis if they are not starch-fermenters and if 
they have not the colonial form and morphology of the intermedius group. 
Mitis types may generally be differentiated readily by agglutination, but their 
allocation to a specific type is complicated by the considerable number of mitis 
types and by the sharing of common antigens by a number of types. So far 
some 150 strains have been tentatively allocated to about 40 different types. 
It is proposed to comment on only a few of the more interesting types. 

Type I.—Twenty-two strains have been isolated ; all are strongly haemolytic 
and are of wide distribution, having been isolated from London, Warsaw, Vienna, 
Rome and Germany. 

Type II.—Eleven strains from London and Brussels have been isolated of 
this interesting type. None of these was haemolytic, but they gave complete 
cross-agglutination with gravis Type II, strains of which are strongly haemolytic. 
The theoretical aspects of this relationship are discussed later. 

Type II1I.—Twenty-four strains have been isolated, quite sharply differen- 
tiated into 18 completely non-haemolytic avirulent strains and 6 strongly 
haemolytic and virulent. 
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It is not proposed to comment in detail on the other types, the number of 
strains belonging to each type varying from 1 to 10. It may be of interest to 
note that of the 32 non-haemolytic strains isolated all -belong to one of three 
types (II, III or XV). , 

In order to clarify all the complex relationships of closely related strains 
further studies will be necessary with a variety of absorbed sera, but the broader 
relationships are already sufficiently clear for the differentiation of strains of 
diverse origin. 


DISCUSSION. 


The gravis, intermedius and mitis groups of C’. diphtheriae can each be sub- 
divided into a number of distinct serological types. Although the final differen- 
tiation of all the types extant, especially in the mitis group, is incomplete, 
already some 50 different serological types can be recognized, and it is possible 
to conclude that the agglutination technique can be used as a practical measure 
in epidemiological studies, the tracing of carriers responsible for isolated diph- 
theria outbreaks, etc. 

Among the theoretical issues raised is the question of the inter-relation and 
common origin of the different diphtheria strains. Is it possible to reconstruct 
the evolution of the different groups and types, and will it be possible to effect 
their inter-conversion in the laboratory ? 

There are common antigens shared by a number of different gravis, inter- 
medius and mitis groups, or, at any rate, antigens sufficiently similar in compo- 
sition to react with the same agglutinating serum. It may be remarked inci- 
dentally that the agglutination technique is apparently more specific than 
complement fixation in the case of C. diphtheriae (Witebsky and Krah, 1930). 

A striking specific relationship exists between Gravis Type II and Mitis 
Type ITI strains. The gravis and mitis strains are identical in serological 
behaviour, are all virulent and differ only in starch fermentability and haemo- 
lytic activity, the mitis strains being non-haemolytic whilst most of the Gravis 
Type II strains are strongly haemolytic. It seems possible that these Type II 
strains form a bridge between the gravis and mitis groups, loss of starch fer- 
menting ability and haemolytic activity resulting in conversion of gravis to 
mitis strains. From the large number of mitis types and from the comparatively 
small differences between some of them, it seems reasonable to conclude that 
some mitis types fairly readily change their serological type, probably by modi- 
fication of the antigens responsible for the agglutination reaction. 

Neither the gravis nor intermedius groups possess this wide mutability of 
antigenic structure, but there is evidence of some antigenic relationship between 
some gravis and intermedius types. It is possible therefore to visualize some 
stages in the evolution of different diphtheria strains. The loss of starch fer- 
menting ability of gravis strains might lead in some cases to intermedius types 
and in others to mitis types. The apparent ready mutability of mitis antigens 
would then lead to the appearance of the large number of mitis types encountered. 
Despite the predominance of certain types in special localities it is found that 
mitis strains isolated in Europe, Africa and America are antigenically related, 
so that the variations observed have not resulted in complete disappearance of 
related antigens from the organisms. 
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The classification of diphtheria strains presents some difficulties since different 
criteria exist. Classification may be based on colonial form, morphological 
structure, starch fermentability, haemolytic activity, clinical severity or on 
serological behaviour, and although broadly speaking the different criteria are 
in agreement, there remain a number of strains which are classified differently 
according to which criterion is applied. 


Group Characteristics of C. diphtheriae. 


Starch Colonial Stained Clinical Serological 
fermentation. form. film. severity. types. 


Gravis A ‘ : + . +or— _. Variable, . Variable . Variable . 13 
generally 
rough 
Intermedius 3 r ‘ . Small . Barred . 
Mitis . ‘ A F ‘ . Variable, . Variable . 
generally 
smooth 


Group. Haemolysis. 


Group differentiation is therefore defined as follows : 


1. Starch fermenting strains are designated gravis. 
2. Non-starch fermenters : 


(a) Small colonies, barred organisms are intermedius. 
(b) All other strains are mitis. 


The gravis and intermedius groups are much more homogeneous than the 
mitis group, which is a more varied collection of organisms, with the common 
property of being classifiable neither as gravis nor intermedius. Incidentally 
it should be noted that a few typical and virulent C. diphtheriae mitis strains 
have been encountered which ferment saccharose (Frobisher, Adams and Kuhns, 
1945), and may easily be discarded when examining throat swabs unless a virulence 
test is performed. 

Although correlation of clinical severity of the disease with the serological 
type of the infecting organism cannot yet be attempted, studies on the relation 
of virulence and toxigenicity to serological behaviour are being made and will 
be reported on in a further communication. 


SUMMARY. 


1. A technique for the rapid serological typing of C. diphtheriae of gravis, mitis 
and intermedius groups by agglutination is described. The important details 
are the selection of an appropriate culture medium and a suitable method for 
preparing the bacterial suspensions. 

2. It is suggested that classification into gravis, mitis and intermedius should 
be described as grouping, and that the term typing should be reserved for classi- 
fication by serological methods (e.g. agglutination). 

3. Several hundred strains have been separated into over 50 serological 
types. The minimum number of serological types (or sub-types) is as follows : 


Gravis 13, Mitis 40, Intermedius 4. 


4, Certain gravis and mitis types are indistinguishable serologically, but differ 
in starch fermentation and haemolytic activity. 
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5. Certain mitis types are uniform serologically, but can be subdivided into 
the virulent haemolytic and the avirulent non-haemolytic classes. 

6. The development of serological typing of C. diphtheriae promises to be of - 
value in following the spread of outbreaks of the disease, in evaluating the danger 
of carriers and, from the theoretical aspect, in solving problems of variation 
and the genesis of strains. 


It is a pleasure to thank the many pathologists who have sent strains, and 
the technical staff of this Institute for their co-operation. 
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In the course of defining the nutritional needs of haemolytic streptococci, 
MclIlwain, Fildes, Gladstone and Knight (1939) and Fildes and Gladstone (1939) 
found that strains freshly passaged through mice required glutamine for growth, 
whereas after maintenance on laboratory media for varying periods their growth 
became independent of added glutamine. This paper reports an investigation 
of the connection between the virulence of streptococci and their nutritional and 
metabolic behaviour towards glutamine. 





STREPTOCOCCI AND GLUTAMINE. 


EXPERIMENTAL. 
Organisms. 


The following strains of $-haemolytic streptococci were employed: B and 
W, from original swabs of puerperal fever patients; SI, from a secondarily 
infected scald ; TI, from a routine throat swab from a midwife ; R, the Richards 
strain (N.C.T.C. No. 5631) ; RNI, the Richards strain after passage at the National 
Institute for Medical Research ; LM, the capsulated strain referred to by Loewen- 
thal (1938) ; 4, a stock laboratory strain, and K, a group A type | strain that had 
undergone 43 mouse passages and been stored in the refrigerator in a dried 
condition for 3 years. 

Immediately on receipt, organisms were grown in blood-broth and preserved 
by drying. This was done by placing a drop of each culture in a number of 
ampoules, leaving these in vacuo over P,O, for two days, sealing while evacuated 
and storing in a refrigerator until used. The M.L.D. of strain RNI did not 
change during six months’ preservation. 


Animal passage. 

Mice were inoculated intraperitoneally, usually late in the afternoon, with 
dilutions of a 6-hr. blood-broth culture of streptococci ; two mice were inoculated 
with each dilution. The following morning those of the moribund mice which 
had received the highest dilution of culture were killed with chloroform. Heart 


blood removed aseptically was used to inoculate blood-broth; after 
5-6 hr. incubation this usually exhibited haemolysis and was diluted and the 
mouse passage repeated. Serial passage by this technique enhanced the virulence 
of all strains to'some degree, but whereas a few strains became very highly 
virulent as a result of 60-100 passages, the majority failed to show further 
changes after the first few passages. 


Determination of M.L.D. 


The organisms were grown on serum-broth-agar slopes for 18 hr., 3-fold 
dilutions prepared in saline, and 0-5 ml. of each dilution inoculated intraperi- 
toneally into three mice. The number of cocci present in the original suspension 
was estimated by the pour-plate or roll-tube technique using blood-broth-agar 
as the medium. The smallest number of cocci killing two of three mice in five 
days was taken as the M.L.D. 


Requirements for glutamine in growth. 


The suspensions used for M.L.D. determinations were also employed for the 
estimation of glutamine requirements by growth in the peptone media described by 
MclIlwain, Fildes, Gladstone and Knight (1939). Exacting organisms give no visible 
growth in this medium from inocula of about 10* organisms/ml. during seven days 
unless glutamine is added. If ammonium glutamate is added in considerably 
greater concentrations than glutamine growth may result (Fildes and Gladstone, 
1939), and although the lag period is usually longer than when glutamine is used, 
growth becomes maximal in a day or so following its first appearance. Lack of 
glutamine thus affects length of lag, and not the magnitude of the population in 
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the stationary phase of growth. The degree of requirement for glutamine has 
therefore been expressed as the increase in lag caused by withdrawing glutamine 
and substituting ammonium glutamate. To exhibit the different behaviour of 
different strains, ranges of concentrations of glutamine and ammonium glutamate 
were chosen, and the lag periods (expressed in days) occasioned by the various 
concentrations were added together : this value is referred to as the lag total on 
withdrawing glutamine. Growth was observed daily for one week. Experience 
showed that where growth had not commenced by the 7th day it failed to do so 
subsequently, and a culture not growing by the 7th day was referred to as having 
a lag of 7 days. The lag totals ranged from 1 to 2 days, with non-exacting 
strains to about 40 with the most exacting organisms. The values for a given 
strain (preserved dry) were reproducible to within 2 or 3 days. 

The concentrations chosen were: no addition; ammonium glutamate, 
10-2 m and 2 x 103m; glutamine 6 x 105M, 2 x 10°, 6 x 10®M, 2 x 10°° 
mand 6 x 10-7 mM. The value of 26 days quoted for strain RNI was made up 
as follows : 7, 3, 7, 0,0, 1, 1, 7. Strain R (the same organism after maintenance 
in laboratory media) gave a value of 14 days, thus: 1, 0, 0, 0, 0, 0, 0, 0, 0 to 1. 

The glutamine and glutamic acid which were employed were the natural / (+) 
isomerides. 


Training experiments. 

The following media were employed: (1) Peptone media, with the stated 
concentrations of glutamine and ammonium glutamate ; (2) 10 per cent serum- 
broth containing M/15 ammonium glutamate ; (3) broth containing either m/50 
ammonium glutamate or M/50 glutamine. In training, growth was commenced 
using a large inoculum in a rich or glutamine-containing medium, and on successive 
subcultures the glutamine concentration and inoculum were reduced so that 
growth of the organisms occurred only after a delay of 1 to 5 days. Sub- 
cultures were then made from the delayed growth. The course of training was 
similar to that of the experiment quoted by Fildes and Gladstone (1939). 


Glycolysis, glutamine breakdown, and glutamine synthesis by streptococci. 


These measurements have been described elsewhere (McIlwain, 1946; 
MclIlwain, Roper and Hughes, 1947). Acid formation due to glycolysis was 
determined (with 4-6 mg. dry wt. of organisms) by evolution of CO, from bicar- 
bonate-containing media (3 ml.) and expressed as Qco, (vu mol. CO, evolved /mg. 
dry wt. of organisms/hr.). ‘ 


RESULTS. 


1. Degree of correlation between glutamine-requirements and M.L.D. 


This is presented in Fig. 1, and it can be seen that some correlation exists 
but is a limited one. This result might be due to either of the factors measured 
—glutamine need or M.L.D.—being complex in nature. Such an assumption 
is certainly likely to be true of M.L.D., but as the metabolic behaviour of the 
organisms to glutamine was under investigation, attempts were made to ascertain 
whether different aspects of their metabolism were related to virulence. 
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Fic. 1.—Glutamine-need and M.L.D. of several streptococcal strains. 
B, W, SI, TI, R, RNI, 4, K = original streptococcal strains. 

(M.P.) = after 14 mouse passages. 

(G.) = after subculture in glutamine. 

(A.G.) = after subculture in ammonium glutamate. 


2. Virulence and metabolic behaviour. 


(a) Stimulation of glycolysis by glutamine (McIlwain, 1946) occurred to similar 
degrees in both virulent and avirulent organisms (Table I). (6) Glutamine 
hydrolysis during the glycolysis (McIlwain, 1946) also showed no relation to 
virulence (Table I). (c) Glutamine synthesis was too small to be detected in 
any organism which was at all virulent (McIlwain, Roper and Hughes, 1947). 


TaBLE I.—Glycolysis and Glutamine-decomposition by Streptococci of Varying 
Virulence. 


Lag totals ° Rate of glycolysis. 4 Rate of , F 
ecom ion o 
Strain. Log. M.L.D. “<a (a) Without added _(b) With added glutamine during 
(days) glutamine glutamine 10-* mM glycolysis 2 
v8). (u. mol./mg./hr.). per cent of (a). (u mol./mg./hr.). 


eee 25-27 - 11-3-13-6.. 120-133 . —2°1 
1-2 F 12-8 . 111-128 . —1-9 


0-8-l- 

>8-5 : 

0 ; 13-18 - (11-2-13-1 120-135 : —1-9 
3 : 

6 


40 . 12-3-16 . 113-125 : —1-3 
3-6 - 12-1-18-2 . 119-139 ° —1-4 


(laboratory 
strain) 
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3. Hxperimental alteration in M.L.D. and glutamine-need by animal passage and 
by “‘ training” in laboratory media. — 


The points indicated on Fig. 1 for strain TI show that. (a) sasinaal passage 
increased both virulence and glutamine-need ; (b) subculture of the passaged 
organism in peptone medium containing ammonium glutamate led first to a 
decrease in both properties, but later virulence remained unchanged while gluta- 
mine-need became less. It is doubtful whether addition of ammonium glutamate 
is relevant to the change observed during culture in laboratory medium, for strain 
R can be seen to have decreased in virulence and glutamine-need without such 
addition, and strain B to have changed similarly on subculture both in ammonium 
glutamate and in glutamine. No significant increase in either property was 
induced in other strains by subculture in the presence of glutamine, in peptone 
or in serum media. 


DISCUSSION. 


There is thus a certain association between virulence and glutamine-need, in 
that both characters tend to be gained by a streptococcus in the animal host, 
and to be lost together in laboratory media. But the two are also susceptible 
to independent variation, as is shown by the scattered points in Fig. 1. 

Two interpretations of these data appear to be possible: (1) Glutamine-need 
may be causally associated with a character conferring virulence on streptococci, 
but this may be only one of several characters involved in virulence. As passage 


of glutamic acid and glutamine to the interior of streptococcal cells is not spon- 
taneous, but requires special processes of assimilation (Gale, 1947), it was thought 
possible that capsulation might be such a character. No correlation between 
capsulation and glutamine-need has however been found. (2) The acquisition 
of virulence and of glutamine-need may represent independent adaptations to 
the environment provided by a host’s tissues. Gain of virulence can be under- 
stood as the primary, essential adaptation ; the reason for a secondary adaptation 
to glutamine-need is not immediately obvious. That animal tissues contain 
glutamine in excess of the concentration required for streptococcal growth, 
renders the adaptation possible but does not make it necessary. Indeed an 
organism can suffer some loss in need for glutamine when grown in laboratory 
media containing blood, or containing glutamine added as such. Two observa- 
tions are relevant here., First, streptococci rapidly convert glutamine to glutamic 
acid and ammonia; laboratory media will thus change while a host’s tissue 
fluids would present a more stable supply of glutamine. Second: during animal 
passage the streptococci are subject to many adverse influences, and the action 
of inhibitors, by affecting the general balance of bacterial processes, can lead. to 
loss of characters which are otherwise stable (Hinshelwood, 1946). In growing 
virulent organisms in laboratory media the converse situation holds ; characters 
related to virulence are redundant, although there is not known to be an active 
reason for their loss. Restraint is, however, placed on the organisms through 
growth in an environment which is in general poorer nutritionally than that of 
the host. Again, this may lead to loss of the redundant properties without 
implying a functional relationship between the properties which are lost and those 
which are gained. 
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ASCORBIC ACID IN THE LIVER OF PREGNANT RATS. 


SUMMARY. 


1. There is a certain, but limited, correlation between the virulence of haemo- 
lytic streptococci and their need for preformed glutamine in growth. 

2. Changes in the two characters on animal passage or in laboratory media 
appear to represent independent adaptations to the different environments. 

3. Reasons are suggested for the observed relationship between the two 
adaptations. 


We are greatly indebted to Professor Wilson Smith for advice, and also to 
Mr. D. E. Hughes and Miss E. Ellis for technical assistance during these investi- 
gations. 
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Data were presented in an earlier paper (Kennaway and Kennaway, 1944) 
which showed an-increase in the concentration of ascorbic acid in the liver of 
pregnant mice which was significant in three, and probably significant in three 
more, of seven strains examined. The greatest mean increase was in the ratio 
of 100 : 161 (in CBA mice) and the lowest in that of 100: 117 (in stock mice). 
Similar observations have now been made on Wistar and black and white rats. 


METHODS. 


The animals received the ordinary mixed laboratory diet. Control and 
pregnant animals were killed on the same days, as a safeguard against any varia- 
tions due to the season of the year or to changes in the quality of the foodstuffs. 
The estimations were carried out by the method described previously (mechanical 
disintegration in 3 per cent metaphosphoric acid, titration with 2-6 dichloro- 
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phenolindophenol) upon portions of about 1 g. The beginning of pregnancy was 
fixed roughly by observation of the vaginal plug, but the dates given do not 
claim a high degree of accuracy. The figures obtained from rats (two Wistar 


Ascorbic acid Mg. per g. liver 
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Fic. 2.—Wistar rats. 


and four black and white) which had been kept with the male, but were found 
when killed not to be pregnant, were included with those from the controls, 
as the two sets of figures lay within the same range. 


RESULTS. 


The results given in Table I and Fig. 1 and 2 show a statistically significant 
increase of 16 to 19 per cent in the concentration of ascorbic acid in the fresh 
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TaBLE I.—Ascorbic Acid Content of Liver in Pregnant and Control Rats. 


Rats. 


Black and White— 


Controls 
Pregnant . 


Up to 11th day 
After 11th day 


Wistar— 
Controls 
Pregnant . 


Upto llthday . 


After 11th day 


Weight g. of 
——— 


Number. —— 
Body. 


204 
226 


Liver. 


7-4 
8-9 


Mean values. 


Liver 
weight 


Ascorbic acid. 
I tia Eo ee | 


per cent vg. per g. liver. Liver per 


of body- - 
weight. Range. 


3-6 . 201-266 . 
.3°9 . 243-351 . 


- 201-252 . 
- 203-305 . 


total m g. body- 
Mean. 8- weight. 
248-5 . 1-85 . 9-05 
=100 
289 =116. 2-54 . 11-4 


284 

292 
221=100 . 
262=119 . 


242 
277 


liver. The increase tends to progress, especially in the Wistar rats, as pregnancy 
proceeds. The liver is enlarged in the pregnant animals, and the increase is 
greater in degree than that of the body weight brought about by the development 


of the foetuses, placentas, and enlarged uterus. Hence the ratio of liver weight 
to body weight is increased, whereas in the pregnant mouse it remains approxi- 


mately constant. 


DISCUSSION. 


A relation between ascorbic acid and pregnancy is of interest in connection 
with (i) the association of ascorbic acid with steroid metabolism which has 
been shown by recent work on the adrenal cortex, (ii) the large amounts of steroids 
known to be produced by larger animals in pregnancy, (iii) the power of the 
liver to destroy oestrogens, (iv) the increase in the ascorbic acid of the liver 
produced in the mouse by intraperitoneal injection of stilboestrol (Kennaway, 
Kennaway and Warren, 1944); (v) the very considerable effect of pregnancy 
in increasing the capacity of the human body to detoxicate stilboestrol (Zondek 


and Bromberg, 1942). 


SUMMARY. 


A significant increase in the concentration of ascorbic acid in the liver in 
pregnancy was found in rats of two strains. 
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THE great success which has attended the submerged culture method for the 
production of penicillin has led us to inquire into the possibilities of producing 
diphtheria toxin by similar methods. It is thought that this problem is not 
merely of academic interest, for if diphtheria toxin could be produced in compara- 
tively large vessels by the submerged culture technique, even if no higher titres 
resulted, much unnecessary labour and time might be saved in its large-scale 
preparation. 

The first step to be taken was to see if toxin could be produced in flasks which 
were continuously shaken so as to obtain growth throughout the medium instead 
of merely on the surface, and if this were possible, to attempt to determine what 
modifications in the medium were necessary to increase and quicken toxin produc- 
tion, so that high titre toxin could be obtained for much shorter periods of growth 
than is customary with surface cultures. A very brief account (Linggood, 1946) 
of early work on this subject has already been given, but we record below, in 
greater detail, the results obtained in shaking flasks, and our attempts to find 
suitable materials from which a submerged culture pilot plant for the production 
of toxin could be made. The results with a submerged culture apparatus proper 
will be reported later. 


METHODS. 
Preparation of culture media. 


The basis of the media used in these experiments consisted of routine papain 
digest or tryptic digest broths prepared essentially as described by Pope and 
Linggood (1939). A detailed description of the preparation of these media 
is given in the appendix. The total nitrogen content of the tryptic and papain 
digest media was 3-0 mg. and 4-0 mg. per ml. respectively. In all cases the 
maltose was added to the hot medium at 80° C., just before the removal of the 
yeast and the precipitate of calcium phosphate by paper filtration; so as to 
effect an almost complete removal of iron from the medium and leave a Fe’ 
content of 0°05 ug.—0-10 yg. per ml. The medium was then sterilized by filtration 
through Doulton candles (Seitz filtration is unsuitable) and filled out in the 
desired volume into 1-litre Pyrex Erlenmeyer flasks, which were then heated for 
10 min. at 100° C. to ensure sterility. 


The shaker. 


This was of a simple design consisting of a flat wooden board mounted on 
springs and oscillating at 140 times a minute, driven by an eccentric of } in. pitch 
attached to an electric motor through a reduction gear. The flasks were fixed 
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firmly on the shaker by means of a board, held down by wingnuts and drilled 
so as.to fit the necks of the flasks. Such a shaker did not shake the liquid in 
the flasks so violently as to cause frothing, but imparted a gentle rotary movement 
to the liquid. 


I noculum. 


All flasks were inoculated with a small piece of pellicle from a three-day 
surface culture of the routine Park Williams No. 8 strain of C. diphtheriae in use 
at these laboratories. The temperature of incubation was 35°C. Such a strain 
gave, with surface culture, 50-70 Lf units per ml. for ten days’ growth on our 
routine media in a layer 2 cm. deep. 


Addition of metallic strips. 


In all cases, except where otherwise specified, the metal was added to the 
flask (before sterilization) in the form of a strip 4} in. long and 1 in. wide and 
about 1/32 in.—1/16 in. thick, and fixed in firmly, close to the bottom of the flask, 
by short strips of rubber pressure tubing slit on one side. These short. strips 
of tubing were boiled in dilute hydrochloric acid before use to remove any iron, 
and two similar strips were always added to the control flasks. 


pH measurements. 


These were always done with a glass electrode on filtrates from toluolized 
cultures. 


Toxin estimations. 


Lf values were determined by the flocculation method (Ramon, 1922 ; Glenny 
and Okell, 1924). Varying quantities of 200 units per ml. antitoxin were added 
from a micrometer syringe (Trevan, 1925) to 1-0 ml. amounts of the filtrate from 
the toluolized culture according to the usual technique employed at these 
laboratories. 


Bacterial counts. 


As a rough guide to the amount of growth in the cultures, a sample of each 
culture, before the addition of toluol, was diluted to 1 in 10 in saline and 
its opacity compared with Brown’s opacity tubes. 


Maltose estimations. 


The amount of reducing sugar, measured as maltose, in the culture filtrates 
was estimated by the iodometric technique of Somogyi (1945). 


RESULTS. 


It was obvious from our very early work that prolific growth occurred through- 
out the medium in the shaking flasks, even with our routine medium containing 


25 
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0-3 per cent (w/v) maltose, but that after two to four days’ growth the cultures 
had become too alkaline. We therefore tried the effect of increasing the concen- 
tration of maltose in the medium with the idea of prolonging the time at which 
the organism would be at the optimal pH for growth and toxin production, 
since it has been shown (Pope and Healey, 1933) that, with a suitable concen- 
tration of iron in the medium, toxin production is closely associated with growth. 
The results of early work on these lines are shown in Table I, where it will be 
seen that, with 300 ml. of medium in 1-litre Erlenmeyer flasks, titres of 50 Lf 
units per ml. can be obtained by three days’ growth of the organism if the 
quantity of maltose in the medium is increased to 0-9 per cent (w/v). 


TaBLe 1.—Effect of Increasing the Concentration of Maltose in the Medium on 
Toxin Production in Shaking Culture. 


Volume of medium = 300 ml. per litre Erlenmeyer flask. 


Tnitial Culture filtrate. Initial Culture filtrate. 
maltose -———__——_ maltose —_—_— —_—~ 
ntent Lf 

nt (w/v). 2 (units/ml.), 
0-6 ° 


Medium. 


Time sd 


T of growtl content Lf. co! 

Number. had (hr.). per cent (w/v). pH. (units/ml.). per ce 

BP 187 . Papain . 48 * 0-3 ® s 
72 f ye 


34 
28 
31 
96 


48 
72 


96 47 


aminated 


Banmrmwh DIR DOD 


= OOnd bo DH AAD 
oe 


Qnwooa3 


0 
48 
72 


iB — He oie) © OOOO fe Be ole oie 2] 


—_— i 
le oie ole ole +) 
Sm Oo 


Results are given for individual flasks removed from shaker at each time of growth. 


It was found later that increased and more consistent toxin production could 
be obtained if the volume of medium per flask was reduced (i.e. aeration increased) 
and the amount of maltose increased still further, and examples of toxin pro- 
duction with 200 ml. per flask and medium containing 1-2 per cent (w/v) maltose 
can be seen in Tables V and VII-IX. Reduction of the volume per flask down 
to 100 ml., accompanied by further increases in the maltose content up to 2 per 
cent (w/v), has produced extremely high titre toxin for two to three days’ growth 
of C. diphtheriae, as can be seen in Table II. Increasing the maltose content 
still further only results in a small increase in toxin production (Table II). 

The effect of the addition of glucose as well as maltose is shown in Table ITI, 
where it will be seen that the addition of 0-4 per cent (w/v) glucose causes a 
pronounced acid phase in the reaction of the culture and consequently a slower 
production of toxin. The introduction of 0-2 per cent (w/v) glucose has little 
or no influence on the Lf values of the culture filtrates (Table ITT). 
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TaBLE II.—Effect of Comparatively High Concentrations of Maltose in the Medium 
and Increased Aeration on Toxin Production in Shaking Culture. 


Volume of medium = 100 ml. per litre Erlenmeyer flask. 


Medium. Culture. Culture filtrate. 


aiid ee a ro ed Lf _——— Aon ed 
— per cont (w/v). if (millions /ml.). (units/ml.). poreons (wiv). 
BP 268A . 1-2 : ‘ 9,500 oo 
‘ 14,000 
BP 268B : 1-5 é 14,000 
F 17,000 
BP 268C ‘ 2-0 > > 21,000 
. 23,000 


BP 291A ° 2-0 . - 17,000 
- 24,000 
BP 291B : 3-0 . . 22,000 
. 27,000 
BP 291C . 4:0 . . 24,000 
- 26,000 


Figures given are the mean of 2 or 4 flasks, 


* BP268A, BP268B, etc., indicate media of varying maltose content prepared from the same 
digest BP268. 


“1-1-1080 Daommen 
oano-w Pd OLS Or 


TaBeE III.—Effect of the Addition of Glucose as well as Maltose on Toxin 
Production in Shaking Culture. 


Volume of medium = 150 ml. per litre Erlenmeyer flask. 


Medium. Culture. Culture filtrate. 
enemies, Time of - ttiltpnais cil an apancesieat 
Maltose Glucose growth Bacterial count 
(hr.). (millions/ml.). 


i) 
x 


Lf 
Number. content content (units/ml.). 
per cent (w/v). per cent (w/v). 


BP 275A . 1-6 . 0-0 : 47 : 13,000 
13,000 
71 


oo 


13,000 
95 . 17,000 

13,000 

BP 275C . : . . . 47 ° 15,000 
13,000 

71 , 13,000 

15,000 

95 . 13,000 

13,000 


BP 282A ° . : ° 24 . 9,500 
43 : 13,000 

13,000 

67 . 17,000 

17,000 

92 . 17,000 

17,000 

BP 282C ‘ ° 24 . 5,500 
43 . 15,000 

17,000 

67 ° 15,000 

15,000 

92 . 17,000 

17,000 


Results are given for individual flasks removed from shaker at each time of growth. 
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We also thought it advisable to see the effect of omitting the acetate from 
the medium, since it is known that the acetate is converted, during the growth 
of the organism, into bicarbonate and carbonate, thus causing the culture to 
become alkaline. This is. confirmed by the results shown in Table IV, where it 
will be seen that when the concentration of maltose is the same in both media, 
the pH values of the culture filtrates are lower and toxin production is less with 
the medium containing no acetate. If, however, the maltose content of this 
medium is varied, so that the pH values obtained in the culture filtrates are 
comparable to those produced from the routine medium, toxin production is 
still greater in the latter. 


TABLE IV.—Effect of Omitting Acetate from the Medium on Toxin Production 
in Shaking Culture. 
Medium. Culture. Culture filtrate. 


f Culiees pol a Bacterial count f Reducing 
content content = " Lf. sugar as 
per cont per cen = (hr.). (millions/ml.). pH. (units /ml.). maltose ‘di 

v/v). w/v). ene per cent. (w/v. 
BP 269A . 0-5 1-2 : 200 : oh a 
9,500 
11,000 





c— 


Acetate Maltose 
Number. 


BP 269B . 0-0 wtb 
14,000 
19,000 


OD -15) © CO OW 


BP 288A . “f . 6 ‘ é - 13,000 
- 19,000 
BP 288B . . ° ° . - 13,000 
- 14,000 
BP 288C . . ° °3 : ‘ - 15,000 
- 18,000 


1 
1 
5 
7 
6 
3 
0 
4 
2 
5 
0 
3 


DOOD D@D 


Figures are the mean of 2 or 4 flasks. 


We also confirmed the fact that there is little or no difference in toxin produc- 
tion if the medium is sterilized by autoclaving without maltose and the maltose 
added aseptically after sterilization, or if the medium, with the maltose added, 
is steamed } hr. at 100° C. on two successive days, as compared with our routine 
method of sterilization by passage of the completed medium through Doulton 
candles, followed by steaming for 10 min. at 100°C. The results given in Table V 
indicate that it should be possible to sterilize large quantities of medium by 
heating in situ without adverse effect on toxin production. 

The effect of traces of iron on toxin production in shaking culture was also 
investigated, since it has been shown by Pappenheimer and Johnson (1936) and 
by Mueller (1939) that traces of iron have a marked effect on toxin production 
in surface culture. It has been found at these laboratories that it is necessary 
to add approximately 0-05 ug. of Fe’ per ml. to our routine digest media for 
maximal toxin production in surface culture. We investigated, therefore, the 
effect of the addition of 0-05 pg. and of 0-10 yg. of Fe’ per ml. of medium (added 
to the flasks before sterilization as a solution of FeSO,.7H,O in 0-1 per cent 
(v/v) sulphuric acid) on toxin production in shaking flasks. The total iron 
content of the control medium and the experimental sections was estimated, 
after the completion of the media, by ashing and development of the colour 
with o-phenanthroline by a method used at these laboratories. 
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TaBLE V.—Influence of Method of Sterilization on Toxin Production in 
Shaking Culture. 


Volume of medium = 200 ml. per litre Erlenmeyer flask. 
Maltose content = 1-2 per cent (w/v). 


Time of Culture. Culture filtrate. 
growth —_——{—$»_— 
(hr.). 


Medium. 





Number. Method of sterilization. ae a 
P 959A . Passed through Doulton candles . 42 é 9,500 
P followed by heating for 10 min. 9,500 
at 100° C. 66 - 13,000 
11,000 
88 3 17,000 
17,000 
. Autoclaving 20 min. at 121°C. . 42 : 8,000 
with addition of maltose asep- 9,500 
tically later 66 : 9,500 
11,000 
88 i 17,000 
17,000 


3 
i--| 


AAAAGMEAaQWAATE SOON KWOIAWwWwrRSO ? 


Lf 
(units /mi.). 


*P 977A . Passed through Doulton candles . ‘ 9,500 
followed by heating for 10 min. 11,000 

at 100°C, 69 . 9,500 
11,000 

93 - 13,000 

11,000 

. Steaming $ hr. at 100° C. on two . 45 : 9,500 
successive days 9,500 

69 - 13,000 

13,000 

93 . 11,000 

13,000 


Results given for individual flasks removed from shaker at each time of growth. 


‘* Lf values lower than usual, possibly due to high temperature of incubation—37-5° C. due to 
faulty thermostat. 


OOO O-1-10 00 OC -1+!1 OOO O=31-10HN OO O-I1-1 


The results are shown in Table VI and indicate that, with the medium used, 
variation of the content of Fe’: over the range 0-068 wg. per ml. to 0-17 wg. per ml. 
does not affect toxin production appreciably, although such a variation would 
affect both growth and toxin production in our routine surface cultures. We 


TaBLE VI.—Effect of Iron on Toxin Production in Shaking Culture. 


Volume of medium = 150 ml. per litre Erlenmeyer flask. 
Maltose content = 1-6 per cent (w/v). 


Medium. Culture. Culture filtrate. 
a a Fe* ey added “Total Fe" pong ial sarin ra 
7 . Bacterial count 
Number. (ug./ml.). Riya (hr.). (millions/ml.). 
BP 280A . nil ° 0-068 . 15,000 

j 19,000 

‘ 21,000 
BP 280B . 0-05 5 0-12 13,000 

: 24,000 

. 20,000 
BP 280C . ° 0:17 ‘ S 15,000 

, 21,000 * 
24,000 


Figures are mean of 2 or 3 flasks. 








4 = 
Reducing sugar 
as maltose 
per cent (w/v). 
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found, however, if the iron content of the medium is increased to 4 yg. per ml., 
toxin production in shaking culture is almost completely inhibited, as is the case 
when the organism is grown in surface culture. 


Effect of ‘‘ antifoams ”’ on toxin production in shaking culture. 

As it would be necessary to use an “ antifoam ” in any apparatus for toxin 
production in submerged culture proper we thought it advisable to see the effect 
of the presence of small quantities of various ‘‘ antifoams ” on toxin production 
in shaking flasks, for it has been shown (Gee and Gerhardt, 1946) that tributyl 
citrate is somewhat toxic for Brucella suis. The results obtained with tributyl 
citrate, 2 per cent of undecanol in lard oil and with liquid paraffin are given in 
Table VII. These show that tributyl citrate inhibits growth and toxin production. 
Undecanol in lard oil shows no inhibition, and seems to be a suitable antifoam 
for large-scale use. 


TaBLE VII.—Effect of “‘ antifoams”’ on Toxin Production in shaking Culture. 
Volume of medium = 200 ml. per litre Erlenmeyer flask. 
Maltose content = 1-2 per cent (w/v). 


Medium. Time of Culture. Culture filtrate. 


growth 
Antifoam. (hr.). a 


- No antifoam ‘ 3 i 48 
68 


pH. 


5 
6 
3 
3 
6 
7 
4 
4 
8 
9 
a 
8 
2 
2 
4 
5 
1 
8 
6 
4 
2 
1 
5 
6 
3 
3 
5 
0 
4 
3 
5 
5 


92 

. 0-1 ml. tributyl citrate per . 48 
flask 

68 


92 


. 


- Noantifoam . ; ‘ 43 


67 


ss 


BP 259B - 0-1 ml. of 2 percent. unde- . 43 
canol in lard oil per flask 
67 


. 


ss 


. 0-2 ml. of 2 percent. unde- . 43 
canol in lard oil per flask 


| | 


67 


ed 


S555 


- No antifoam ‘ S 47 
71 


. 0-2 ml. liquid paraffin per . 47 
flask : 
R 71 


7 

7. 
8- 
8- 
8- 
8- 
vi 
7. 
7: 
7: 
8- 
7: 
8- 
8- 
8- 
8- 
8- 
7: 
8: 
8- 
8- 
8- 
8- 
8- 
8- 
8- 
8- 
9- 
8- 
8: 
8: 
8- 


Results given for individual flasks removed from shaker at each time of growth. 
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Effect of various metals on toxin production in shaking culture. 


Quite early in our work we investigated the effect of strips of various metals 
on toxin production in shaking culture with the view of finding what type of 
material could be used to construct a pilot plant for toxin production in submerged 
culture proper. It is, of course, well known that more than a trace of Fe’ or 
Cu‘ is detrimental to toxin production in surface culture, but it was thought 
to be of interest to ascertain if strips of stainless steel, copper, or other metals would 
be attacked to a sufficient extent during the growth of the organism to inhibit 
or even partially inhibit toxin production. In most cases the metallic strips 
were fixed into the bottom of the Erlenmeyer flasks as described earlier in this 
paper, but in some cases, for example, with silver and nickel, strips of the appro- 
priate size were unobtainable at the time and smaller pieces had to be used. 
These had to be allowed to rotate with the culture in the shaker, and it will be 
appreciated that, under such conditions, a certain amount of abrasion occurs, 
with the result that there is more chance of traces of the metal being dissolved 
_ and exerting an inhibiting effect on toxin production. In this respect the results 

obtained with stainless steel are of special interest (Table VIII), for with this 
metal no inhibition of toxin production occurs when the strips of metal are 
firmly fixed in the flasks, but if they are allowed to rotate and abrasion occurs, 
there is almost complete inhibition of toxin production. The results of other 


TaBLE VIII.—Effect of Stainless Steel on Toxin Production in Shaking Culture. 


‘ Volume of medium = 200 ml. per litre Erlenmeyer flask. 
Maltose content = 1-2 per cent (w/v). 


Controls (no stainless steel). Experimental section. 


J SERENE 

Medium Time of Culture. Culture filtrate. Culture. Culture filtrate. 

number, growth (hr.). —~—_—_——_..-_—« Condition of —_— 
Lf stainless steel. Bacterial count pH 

(units /ml.). (millions /ml.). 


29 . Sheet cut 


pietartus 
Bacterial count H Lf 
(millions/ml.), ? (units /ml.). 
i aa 48 
15 _.._ into pieces, . 
33. —=C«w~Ssé not fixed 

in flasks 


~J 
3 
coooge 


72 


96 


72 
96 


47 


69 11,000 
- 11,000 

93 - 13,000 
13,000 


. Strips (FST) . 
. firmly ; 
fixedin . 17,000 
flasks . 17,000 
. 17,000 
17,000 
. Strips (FST) . — 
not fixed . — 
69 - 17,000 22,000 
13,000 17,000 


Results given are for individual flasks removed from shaker at each time of growth. 


45 ‘ as 


7°7 
7°5 
8-2 
8-2 
8-3 
8-6 
7°8 
7°8 
8-5 
8-4 
8-9 
8-8 
8-3 
8-4 
8-6 
8-6 
9-0 
9-0 
8-4 
8-9 
8-8 
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experiments with strips of various metals are given in Table IX. It will be seen 
from these tables that in most cases where the metallic strip is firmly fixed in 
the bottom of the flask the pH rises more quickly, and toxin production is more 
rapid in such flasks than in the control flasks. This is thought to be due to the 
additional aeration of the medium during growth in the shaker, due to the fact 
that the strip of metal, when fixed, acts as a baffle. It-may be noted in this 
connection that such flasks were the only ones that showed any froth during 
growth. : 


TaBLE IX.—Effect of Metallic Strips on Toxin Production in Shaking Culture. 


Volume of medium = 200 ml. per litre Erlenmeyer flask. 
Maltose content = 1-2 per cent (w/v). 
Controls (no strip). Experimental section (with strip). 


Time of Culture. Culture filtrate. Culture. Culture filtrate. 
growth (hr.). Oo Metal. sooner inset, 
Bacterial count Lf. Bacterial count H Lf 
(millions/ml.). (units/ml.). (millions/ml.). Pp. (units/ml.). 
a) So — 
60 A (fixed) ; — 


=) 
= 


Cea ANS ORO OHW4a oe? 


46 
69 


woo 


31 M Silver d 
53 . (not fixed) . 
_ eR 


46 
70 
96 


46 . Heavily 
67 _—. tinned copper. 
67 . (fixed) 


47 
70 
90 


a1 > Cum © ow: 


24 . Commercial . 

50 . aluminium . 
(fixed) 

42 . “Anodized ”’ . 

58 . aluminium . 

63 . (fixed) 


41 
65 


8- 
8: 
q- 
8- 
8 

8: 
8: 
8: 
8: 
8: 


48 
72 
96 


a © 


32 .  Birma- 
50s ae": 
57 +. (not fixed) . 


45 - 8,500 
69 . 12,000 
93 - 13,000 


© © momom i oie 2) ke sie ole +) eos! 
SS 


@ @ a oo-! 
oow 


60 >} "Sare *° 
88 ; nickel 
73 ‘ 


47 5 oa 
69 - 15,000 
93 - 15,000 


@1-1 
fo | 
~ 1 Or 


* A magnesium aluminium alloy. 
The figures given are the mean of two duplicate flasks. 


DISCUSSION. 


From the results given in the tables it will be seen that it is quite possible to 
produce in three days diphtheria toxin of a titre at least equal to that which 
is obtained by surface culture in ten days by growing the organism in shaking 
flasks on routine digest media, modified only in so far that the quantity of maltose 
present is increased. By using such methods it has been shown that undecanol 
in lard oil should prove a suitable antifoam for submerged culture proper and 
that several materials exist from which a “ pilot plant’ could be made. The 
application of the results obtained in shaking cultures to the production of 
diphtheria toxin in submerged culture proper will be the subject of a future 
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communication, but it may be stated that we have been able to obtain toxins 
of titres ranging from 50 to 70 Lf units per ml. for two to three days’ growth on an 
experimental scale by passing sterile air through deep layers of broth adequately 
stirred in glass. vessels. 


APPENDIX. 
PREPARATION OF CULTURE MEDIA FOR THE PRODUCTION OF DIPHTHERIA TOXIN. 


The method used for the large scale preparation of media is based upon that 
described by Pope and Linggood (1939) and is detailed below. 


1. Tryptic digest of beef. 

90 lb. of beef muscle, freed from excess fat and minced, is added to 
100 litres of tap water and heated with constant stirring to 90°C. A further 
260 litres of cold tap water is then added, the temperature adjusted to 48-50° C. 
and the pH to 8-0 approximately (cresol red as indicator), using powdered sodium 
carbonate. The tryptic digestion is then carried out using an acid-alcohol 
preparation of minced ox pancreas made as follows : 

800 gm. of fresh minced ox pancreas (pig pancreas is unsuitable) is taken, 
2400 ml. tap water and 1000 ml. methylated spirit added. The mixture is 
left at room temperature for three days, acidified by the addition of 0-1 per cent 
of pure hydrochloric acid, and stored at 4° C. 

For the digestion of the beef such a preparation is added every half-hour for 
two hours, 2000 ml. for the first two additions and 1000 ml. subsequently, 
If the pancreatic preparation is an old one these amounts may have to be increased 
somewhat. The pH is maintained at pH 8-0 approximately using 10 N caustic , 
soda and the whole stirred continuously. After two hours’ digestion 3600 ml. 
(1 per cent (v/v)) of glacial acetic acid is added and the digest boiled vigorously 
for 30 minutes. Two kg. of “ supercel hyflo”’ is then added and the whole 
filtered through cloth bags and stored acid overnight. 

Next morning the filtrate is made up to a volume of 360 litres, warmed to 
30-35° C., the pH adjusted to pH 8-0 with 10 Nn soda and 1,200 g. of bakers’ 
yeast emulsified in 0-9 per cent saline added. After one hour at 30-35° C. the 
pH is adjusted back to pH 8-0, the temperature raised to 80° C., and 0-2 per cent 
(v/v) of 50 per cent sodium lactate (prepared from iron-free lactic acid) added. 
It is at this stage that the medium is taken for shaking flask studies. For routine 
surface culture work 0-3 per cent (w/v) of maltose is added, and the pH checked 
electrometrically to pH 8-0. The medium is then filtered clear, 0-05 mg. Fe" 
per litre of medium added (i.e. 1 ml. per 10 litres of medium of a solution of 
1-24 g. FeSO,.7H,O plus 12 g. of sodium citrate dissolved to 500 ml. in water), 
sterilized by passing through Doulton candles and filled out into suitable con- 
tainers to give a layer 2 cm. deep, i.e. having a high surface area to volume ratio. 
After filling out, the medium is steamed in an autoclave for 10 minutes at 100° C. 

In the completed medium the total nitrogen content should be 3-0 mg. per 
ml. and the amino nitrogen 0-8 mg. per ml. 


2. Papain digest of beef. 
90 lb. of minced muscle, freed from excess fat, is mixed with 270 litres 
of tap water and heated to 60°C. The pH is then adjusted to pH 6-9-7-3 with 
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10 N caustic soda, and the mixture digested at 58-62° C. and pH 6-8~7-2 by adding 
every half-hour 36 gm. papain powder, the mixture being stirred continuously. 
After 24 hours’ digestion the whole is adjusted to pH 5-0-5-5 with hydrochloric 
acid and boiled for 5 minutes. Two kg. of “ supercel hyflo”’ is added and the 
mixture is filtered through cloth. The filtrate is bulked, and 1350 ml. (0-5 per 
cent v/v) of glacial acetic acid added. The pH should then be pH 4-0—4-2. 

It is stored in this state overnight and next morning yeast treated as with 
the tryptic digest medium. The total nitrogen content of the papain digest 
medium is 4-0 mg. per ml. and the amino nitrogen content 1-1 mg. per ml. 


SUMMARY. 


1. Diphtheria toxin of a titre of 50-70 Lf units per ml. can be produced by 
growing C’. diphtheriae (PW 8 strain) for three days in shaking culture. 

2. Tributyl citrate inhibits both growth and toxin production whereas unde- 
canol in lard oil has no adverse effect on toxin production. _ 

3. Copper, nickel and even stainless steel under certain conditions inhibit 
toxin production, while silver, aluminium, and “ Birmabright ”’ have little or no 
effect. 


Our thanks are due to Dr. C. G. Pope for constant help and advice, and to 
Dr. C. G. Pope and Dr. A. E. Francis for criticism of the manuscript. 
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In 1926 Sumner succeeded in isolating urease, a crystalline protein body 
of Jack-beans. The analysis of the substance has shown that it is made up like 
other proteins (C 51-6 per cent, H 7-1 per cent, N 16 per cent, § 1-2 per cent), 
and its structure resembles that of a globulin. Its molecular weight is 483,000. 
The optimum temperature for the action of urease has been found by various 
authors at 38°-55°C. The optimum pH is 7:3 to 7:5; from this point the pH 
curve takes a steep decline in both directions. Urease is readily dissolved in 
water ; the effect of the solution will, however, rapidly decrease. 

The enzyme is chiefly found in bacteria, certain mushrooms, and, in a high 
concentration, in the soya bean and Jack-bean. The latter fact may be explained 
by the high protein content of these seeds. Plants cannot excrete the carbamide 
produced by the intermediary metabolism whereby it is decomposed by urease 
to ammonia, a compound liable to yield nitrogen for synthetic, processes. In 
animals of higher organization it is only the gastric mucosa that contains urease 
(Luck, 1924). Gastric urease is, regarding its solubility, pH optimum etc., like 
vegetable urease. Luck found the ferment in the stomach of cats, dogs, and 
ruminants. There is no urease in rodents’ stomach. We could find a consider- 
able quantity of the enzyme in the fundus mucosa of human stomachs removed 
on account of peptic ulcer. The pyloric mucosa and that of the antrum con- 
tained but slight traces of urease. 

As to the occurrence of urease in the human gastric juice no data could be 
found in the literature. We therefore examined this problem by determining 
the urease content and acidity in the juice obtained by test meals. It has been 
shown ‘throughout these examinations that an acid gastric juice contains a 
marked quantity of urease, whereas normacid and hyperacid juices are free of 
this enzyme. 


METHOD. 


The gastric juice was obtained by the fractional method. The first fraction 
was taken before the test meal; the following ones were obtained by suction 
through the duodenal tube at 10 minute intervals after a test meal consisting 
of 15 c.c. of 96 per cent alcohol and 285 c.c. distilled water. Each fraction was 
partly used for the estimation of acidity. One c.c. of each fraction was thoroughly 
neutralized by the addition of NaOH, mixed with 1 c.c. of a phosphate buffer 
solution (buffer should be added abundantly because, owing to the enzyme 
action, ammonia is constantly set free whereby the medium becomes gradually 
more alkaline), 1 c.c. of a 5 per cent carbamide solution, and distilled water to 
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complete the volume to 5 c.c. The control tubes contained no carbamide, but 
an equal quantity of distilled water. The mixture was allowed to stand at 
38° C. for 40 minutes. Then the NH, concentration of the solution was estimated 
by the colorimetric method of Cleghorn and Jendrassik (1934). 


TaBLE I.—-Acidity and Urease Content of Human Gastric Juice. 


Acidity ; . : Anacid. Hypacid. Normacid. Hyperacid. 
Total number of cases : ; 16 , 5 é 9 : 17 
Positive . : : ‘ ‘ 16 ; 2 ; 0 : 0 
Slightly positive . 2 ' 0 ; 2 : 5 , 2 
Negative . , ; , : 0 1 4 15 


RESULTS. 


It can be seen from Table I that the acidity and urease content are inversely 
proportional to each other in human gastric juice. ’ 

In a gastric juice that has been boiled prior to the addition of urease no ammonia 
is produced. If only the above facts are observed, the decomposition of carba- 
mide could also be due to bacteria. In the latter case the carbamide decom- 
posing action should be diminished by disinfectant compounds and augmented 
by keeping the juice at 37°C. for 2 hours. This problem has been examined 
by numerous experiments, with the result that none of these procedures have 


any influence upon the carbamide decomposition. Thus the presumption is 
warranted that the urease pre-existing in the mucosa has been excreted with the 
gastric juice. 

Fig. 1 and 2 show the dependence of urease excretion on time. The values 
of Fig. 1 derive from a normacid patient, those of Fig. 2 from an anacid one. 





10 20 30 40 50 60 
Minutes 
Fic. 1.—Dependence of urease excretion on time. Normacid patient. 
Acidity —————_—_—————_ 
Ammonia split off 
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The problem remained to be solved whether urease is excreted in anacid 
patients only or is invariably excreted, being, however, present in an active 
form only in the anacid juice. 

To answer this question a large quantity of anacid gastric juice was acidified 
with hydrochloride acid so as to become normacid, kept in a thermostat for 


20 30 40 50 
Minutes 
Fic. 2.—Dependence of urease excretion on time. Anacid patient. 
Acidity 
Ammonia split off 





30 minutes and finally neutralized. After this procedure no more urease was 
found. This result indicates that urease is also excreted into other than anacid 
gastric juice but is inactivated. These results are in full accordance with the 
fact that the urease of soya beans, as with gastric urease, is rapidly inactivated 
by hydrochloric acid and pepsin. 


SUMMARY. 


In the human stomach the mucosa of the fundus contains urease. 

The enzyme is also present in the gastric juice of anacid and hypoacid patients, 
whereas in cases of normacidity and hyperacidity urease is, if at all, found in 
slight traces only. - 

The urease of the gastric juice is destroyed by pepsin and hydrochloric acid. 
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INVESTIGATIONS by the Animal Diseases Research Association showed that 
sheep could be protected against louping-ill by the subcutaneous injection of 
virus inactivated with formalin. Vaccines consisted of 10 per cent suspensions 
in saline, prepared from the brains, spinal cords and spleens of infected sheep 
and inactivated with 0-35 per cent formalin. One 5 ml. dose of vaccine, injected 
subcutaneously, protected sheep against subcutaneous inoculation two weeks 
later with live virus, but not against intracerebral inoculation. Extensive field 
trials showed the effectiveness of the vaccine in preventing the naturally-occurring 
disease. Recently the vaccine has been successfully used on a large scale for 
reducing the incidence of the disease in areas where it is endemic. Although the 
results of these investigations have been reported briefly (Gordon, Brownlee and 
Wilson, 1939), full details have not been published. It is through the kindness 
of Dr. W. 8S. Gordon and his colleagues that we have been able to make use of 
their observations. 

Attempts have been made to overcome certain disadvantages in the original 
vaccine, so that a stable vaccine could be prepared economically on a sufficiently 
large scale to protect all the sheep at risk in endemic areas. It was first necessary 
to find a reliable method whereby vaccines could be tested and compared for their 
ability to protect against louping-ill. The results of this investigation will be 
described here. 


TECHNICAL METHODS. 


A strain of louping-ill virus, obtained from the Animal Diseases Research 
Association, Moredun, through the kindness of Dr. D. R. Wilson, was immediately 
passed intracerebrally through five generations in sheep. Results were not 
satisfactory ; several inoculated sheep survived, and in others paralysis did not 
appear until the sixth day after inoculation. The titre of virus in infected brains 
was low. Serial intracerebral passage of the strain was carried out in mice. 
After 5 passes in mice sheep were again inoculated. The strain was now fully 
virulent for sheep ; over 16 passes it uniformly produced death, paralysis being 
well marked by the fifth day. Suspensions of brains were on the average infective 
for mice to a dilution of 10-5. Passage in mice was also continued ; mice were 
paralysed by the fifth day and their brains were infective to a dilution of about 
*. 

Sheep, mostly Blackface ewes, between 4 and 16 months of age were used. 
Vaccines were prepared from sheep infected by the intracerebral injection of 
1 ml. of virus. Five days later the brains, spinal cords and spleens were harvested, 
and 10 per cent suspensions were made in normal saline using a mechanically- 
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driven tissue fragmenter. Suspensions suitable for passage or titration were 
made in 10 per cent serum broth with a Ten Broeck grinder. Virus was titrated 
by inoculating 0-025 ml. from a series of falling tenfold dilutions in serum broth 
intracerebrally into groups of three or more young Swiss mice. The mice were 
kept under observation for three weeks and deaths noted. The titre of virus 
was calculated by the method of Reed and Muench (1938) using the 50 per cent 
death rate as the end point. The original 10 per cent suspension was regarded 
as the 10-1 dilution. Vaccines were also prepared from the brains of mice 
infected by intracerebral inoculation and harvested when the animals were 
paralysed. 

Vaccines were made either directly from suspensions without centrifugation 
or from supernatants after centrifugation for 5-10 minutes at 1500 r.p.m. After 
removal of a sample for titration of virus the requisite amount of formalin was 
added, and the vaccine stored for at least a week at 4° C. or at room temperature. 
In some experiments, which will be described later, the method for inactivating 
virus was modified. At the end of a week vaccines were tested for the presence 
of live virus by the intracerebral injection of 0-025 ml. into mice. The amount 
of free residual formalin in a vaccine was estimated by adding 0-05 ml. of vaccine 
to 2 ml. of concentrated sulphuric acid in a clean dry test tube, followed by one 
drop of benzene. The presence of free formalin was shown by the development 
of a yellow colour, which was measured against the colour in tubes containing 
sulphuric acid, benzene and standard amounts of formalin. Another tube 
containing 2 ml. of sulphuric acid and 0-05 ml. of vaccine only was used to control 
the discoloration caused by the action of the acid on tissue fragments. 

The dose of virus administered to mice intraperitoneally was 0-25 ml. ; intra- 
nasal inoculations of mice were made under light ether anaesthesia using 0-05 ml. 
doses. Sheep were immunized by injecting 5 ml. of vaccine subcutaneously and 
challenging two weeks later. The methods for immunizing mice and challenging 
mice and sheep are given later in the paper. Experiments terminated after the 
animals had been kept under observation for 28 days. 


INFECTION OF MICE BY INTRAPERITONEAL AND INTRANASAL 
INOCULATION, 


Although it is the sheep which in practice has to be protected, experiments 
were undertaken to find out whether a smaller laboratory animal could be used 
for the detailed study of immunization against louping-ill. Mice have been shown 
to be susceptible to louping-ill when inoculated by intracerebral, intraperitoneal 
and intranasal routes (Alston and Gibson, 1931; Elford and Galloway, 1933). 
It was unlikely that mice could be protected against virus injected intracerebrally. 
Some investigators have found infection by the other routes to be too irregular 
to be of practical value (Gordon, 1946) ; successful use of the intranasal route by 
Webster and Fite (1933) was obtained in a special inbred stock of mice. The 
possibility of infecting mice of the stock used by us by intraperitoneal and intra- 
nasal inoculation was therefore explored to discover if it occurred sufficiently 
regularly to form the basis of a protection test. 

A series of tenfold dilutions of a suspension of infected mouse brain was 
inoculated into groups of mice by the intracerebral, intraperitoneal and intranasal 
routes. The results of a typical experiment are shown in Table I. Infection 
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by the intraperitoneal route tended to occur irregularly. Although mice died 
after inoculation with a 10-7 dilution of virus, a few animals survived inoculation 
with 10-? and 10-* dilutions. Although it would not be satisfactory to titrate 
virus by this method using a 50 per cent death rate as the end point, the mortality 
was considered to be sufficiently high to allow investigation into the active 
immunization of mice. Over a number of experiments at least a third, and 


TABLE I.—Comparative Titration of Virus in Mice by Different Routes. 


Volume of Mortality ratio of mice for dilutions of virus. 


Route of j ——, 
. inoculum 
inoculation. in ml. 10-2 10-4 10-5 10-¢ 10-7 10-8 10-° 


Intracerebral ©. , 0-025 -~ — . — . = . 8/3 . 3/8 . 3/8 .. 1/8 . 0/8 

Intraperitoneal . 0-25 ae... Se. <a. SR OS... 2. 2S. sO 

Intranasal . : 0-05 Oe. Si ota. eo. 37. . OS «1 — 
Results are expressed as a fraction ; the denominator represents the number of mice in a group 


and the numerator the number of specific deaths. 
— Shows that no observation was made at that dilution. 


usually many more mice, died following intraperitoneal inoculation with dilutions 
of virus between 10-? and 10-7. Similar results followed intranasal inoculation, 
except that fewer mice survived inoculation with the low dilutions of virus. 


PROTECTION OF MICE AS A METHOD FOR TESTING VACCINES. 


Mice were injected subcutaneously with 0-25 ml. of vaccine, followed one week 
later by a second injection of 0-5 ml., and were challenged 2 weeks after the 
second injection by an intraperitoneal inoculation with 0-25 ml. of tenfold dilutions 
of infected mouse brain between 10-? and 10-*. A group of mice, left unvaccinated 
as controls, were similarly challenged. Vaccines, prepared from uncentrifuged 
suspensions of infected mouse brains originally with virus titres of about 10~’, 
inactivated with either 0-25 per cent or 0-35 per cent formalin and ‘tested between 
1 and 10 weeks after preparation, completely protected mice against subse- 
quent intraperitoneal challenge with live virus. Similar vaccines prepared from 
infected sheep brain failed to protect. In control experiments groups of mice 
were similarly injected with 10 per cent formolinized suspensions of normal 
mouse and sheep brains. When challenged later with virus they showed no 
altered susceptibility compared to the controls. 

Vaccines, prepared from the supernatant after centrifuging a suspension of 
infected mouse brains and containing various concentrations of formalin and 
phenol, were tested in mice 9 days after preparation by the method already 
described. All the vaccines afforded complete protection, and therefore a technique 
was sought which would detect smaller differences in immunizing efficiency 
between different vaccines. The intervals between the immunizing and chal- 
lenging inoculations in the mice were reduced, and the challenging dose was- 
administered intranasally. Table II shows the results of challenging intraperi- 
toneally and intranasally both a group of mice immunized by the method already 
described and a group immunized by two injections of vaccine at an interval 
of 2 days with the challenging inoculation 10 days after the second dose of 
vaccine. It was more difficult to protect against challenge by the intranasal 
route ; and when the time interval between the inoculation was also reduced 
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TABLE II.—Effect of Method of Challenge and the Length of Interval. Between the 
Immunizing Doses on the Protection of Mice. 


Route of Mortality ratio of mice for dilutions of virus. 
inoculation a aaa GPP FS Rt OP SIR en 
for challenge. 10-* — 10-* 10-5 167° a7" 1°“* 
0:25 ml.and0-5ml.7days Intraperitoneal. 0/5 . 0/5 . 0/5 . 0/5 . 0/5 
later. Challenged 14 days 
afterwards 
0-25 ml. and 0-5 ml. 2 days oO sO RE OR OG 
later. Challenged 10 days 
afterwards 
Non-immunized controls. oa SIN IC ees A ae, 2 ae | Aas 4 
0-25 ml. and 0-5 ml. 7 days Intranasal . 0/5 . 0/5 . 0/5 . O/5 . 0/5 
later. Challenged 14 days 
afterwards 
(+25 ml. and 0-5 ml, 2 days AB Br Bs AIG EBS 
later. Challenged 10 days ° 
afterwards 
Non-immunized controls. ps — . 4/5 . 2/5 . 3/5 1/6 . 1/6 «. — 


The vaccine was prepared from an hiinaiitieigi mouse brain suspension sniatiiialiadh with 0-35 per 
cent formalin and tested 3 weeks later. 


Scheme of 
immunization. 


the proportion of unprotected mice increased still further, although the mortality 
ratio was still half that in the unvaccinated group. 

The vaccines containing formalin and phenol were re-tested eleven weeks 
after preparation, using the shorter time interval between the inoculations and 
challenge by the intranasal route (Table III). The vaccines containing formalin 


TaBLE III.—Comparison of Protection of Mice Afforded by Various Vaccines. 
Mortality ratio of mice for dilutions of virus. 
Type of vaccine. LL LEAT, 
105% 207° Si 107* 10-* i* 


Non-centrifuged containing 0-35 per 

cent formalin SNOT ee Ca cy OR. Re act 
Centrifuged containing 0-5 per cent 

formalin ot aR sss QI OB | ee Es or yee 
Centrifuged containing 0- 3 per cent 

formalin : Sore Ji aang, 3 mation |: Silat |: ARLE |) 
Centrifuged containing 0- 2 per cent 

formalin : I coef PI te 5 TR gi Oa cas ae 
Centrifuged containing 0-1 per cent 

formalin ; 5 OR ee BS Oa a SO ss Oe 
Centrifuged containing 0-5 Bases cent 

phenol . P|; peer meiny 1 Papeeeins. |. ROR aa. | cee |S Rage 
Non- vaccinated ‘controls - : oo 1/5 2/5 2/5 2/5 2 2/5 


Mice were given two doses of vaccine at an inereal of | two days wad challenged 10 anys later 
by intranasal inoculation of virus. 


all gave incomplete protection, those with 0-2 per cent and 0-1 per cent formalin 
giving slightly better results than those with 0-5 per cent and 0:3 per cent. 
Although prolonged storage had rendered all the vaccines non-infective, the 
one with 0-1 per cent formalin and probably that with 0-2 per cent. formalin 
had contained live virus a week after preparation. Slow inactivation of the 
virus by formalin therefore appeared not to be detrimental. An uncentrifuged 
vaccine containing 0-35 per cent formalin also gave good results ; after fixation 
of formalin by tissue debris free formalin in such a vaccine was reduced to less 
than 0-05 per cent. The phenolized vaccine failed to afford any protection. 


26 
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Tested by the original method at 9 days when it contained live virus it had 
given complete protection. 

In another experiment the supernatant from an infected mouse brain suspen- 
sion was inactivated with 0-2 per cent formalin and divided into two portions. 
One was stored at 4°C.; the other was put overnight at 37°C. and afterwards 
kept at 4°C. When tested 2 days later the former gave complete protection 
and the latter incomplete protection. Another sample containing 0-5 per cent 
formalin, put overnight at 37°C. and afterwards at 4°C., also gave complete 
protection. The experiment suggested that, at least, there was no advantage 
in hastening inactivation by allowing the formalin to act first for a short time 
in the incubator. Addition of 0-35 per cent formalin to an uncentrifuged suspen- 
sion regularly inactivated virus within a week. Addition of 0-5 per cent phenol 
failed to inactivate virus within 14 days, even when allowed to act for the first 
24 hours at 37°C.; 1-0 per cent phenol did not produce inactivation within | 
week when kept at 4° C., but did when acting for the first 24 hours in the incubator. 

It was concluded that investigations, such as the comparison of methods 
for inactivating louping-ill virus, could be carried out in mice using the virus 
in infected mouse brains. Owing, however, to the inability of a sheep tissue 
vaccine to immunize mice effectively, it was not possible to use mice to investigate 
and compare the immunogenic potencies of sheep tissue vaccines. 


INFECTION OF SHEEP BY SUBCUTANEOUS INOCULATION. 


Sheep, immunized against louping-ill by formolinized vaccines, succumb to 
intracerebral injection of live virus ; peripheral injection of virus must therefore 
be used for challenging immunity. In experiments extending over 13 months, 
34 non-immunized sheep were inoculated subcutaneously with doses of louping- 
ill virus between about 2 x 10* and 2 x 10° (mouse) M.L.D. Of these, 15 
animals (44-1 per cent) died of louping-ill. The mortality varied in individual 
experiments at different times of the year. In two experiments carried out in 
mid-summer (June, 1946, and July, 1947) there were no deaths in groups of four 
and three sheep respectively. During the period August to September, 1946, 
there were 3 deaths among 6 sheep, during November and December, 1946, 
6 deaths among 12, and in January and February, 1947, 6 among 9. Surviving 
sheep at no time showed signs of encephalitis. 

Since death occurred only irregularly among control non-immunized sheep, 
it was impracticable to use survival after subcutaneous challenge as a test for 
immunity. Another strain of virus, recently isolated in the field, gave no higher 
proportion of deaths, nor was the death rate increased by administering the 
virus intraperitoneally. The workers at the Moredun Institute described a 
diphasic temperature curve in sheep inoculated subcutaneously and used this 
as an index of infection. An initial pyrexia about the third day coincided with 
visceral multiplication of virus and its appearance in the blood ; the temperature 
rose again with the onset of encephalitis and fell just before death. In our 
experience temperature responses in infected sheep have been much less regular. 
Although there was a temperature response in the majority of non-immunized 
sheep which later died, often it was not diphasic, the initial peak being absent 
or poorly marked. A few animals, usually those which died early, remained 
apyrexial throughout. Non-immunized sheep which survived usually showed 
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some degree of pyrexia. Animals that died in spite of attempts to immunize 
them frequently showed no rise in temperature ; when there was pyrexia it 
occurred only at the time paralysis developed. A number of vaccinated sheep 
that survived challenge had spiky temperature charts. In some there appeared 
to be a true pyrexial response due to infection, but more often it was impossible 
to decide whether the temperature was abnormal. For instance, the chart of 
one animal showed a peak sustained for several days above a base line temperature, 
maintained fairly regularly both before and afterwards. However, the maximum 
temperature at the height of the peak was not as high as the temperature main- 
tained by another animal throughout a fortnight’s period of observation. The 
body temperatures of sheep were so variable it was not possible to determine 
the upper limit of normal. Regular accurate recordings of the rectal tempera- 
tures of large numbers of sheep also involved a considerable amount of labour 
and encountered numerous difficulties. A more reliable method was therefore 
sought for testing immunity in sheep. It has been shown with two other neuro- 
tropic viruses, yellow fever (Sawyer and Lloyd, 1931) and St. Louis encephalitis 
(Webster and Clow, 1936), both of which only irregularly invade the brains of 
mice after intraperitoneal inoculation, that encephalitis occurred regularly if 
the brain was traumatized by a simultaneous injection of starch. The ability 
of starch to promote invasion of the brain has been tested for louping-ill in sheep. 

Three sheep were inoculated subcutaneously with a 10 per cent suspension 
of infected sheep brain; only one died with paralysis. Another 3 sheep, 
similarly inoculated with virus, received simultaneously an intracerebral injection 
of 1 ml. of a sterile 2 per cent suspension of commercial starch in normal saline ; 
all 3 animals developed paralysis and died. A third group of 3 sheep 
received an intracerebral injection of starch three days after the subcutaneous 
inoculation with virus ; in two of the 3 sheep virus was demonstrated in the 
blood on the third day by the inoculation of mice. All 3 sheep died. An 
intracerebral injection of a 0-5 per cent solution of magnesium chloride (Sawyer 
and Lloyd, 1931) simultaneously with the subcutaneous inoculation of virus 
was less effective; 2 out of 3 sheep died. In seven different experiments 
a total of 20 sheep were inoculated subcutaneously with doses of louping-ill 
virus between 2 x 104 and 2 x 10° (mouse) M.L.D. and injected intracerebrally 
with starch three days later. All except one animal, given the smallest dose, 
died with paralysis. 


A TEST FOR IMMUNITY IN SHEEP. 


It was argued that, whereas in non-immune sheep virus was multiplying 
and circulating in the blood stream three days after subcutaneous inoculation, 
in immune sheep no free virus should then be present in the blood. Therefore, 
in the latter an intracerebral injection of starch on the third day should be without 
effect. This appears to be true. In numerous experiments sheep inoculated 
with various vaccines survived when challenged by a subcutaneous inoculation 
of virus, followed three days later by an intracerebral injection of starch. In 
some sheep the protection afforded by vaccination was only partial ; sheep 
developed nervous signs, but later recovered. No non-immunized sheep has 
been known to recover once signs of encephalitis developed. The virus-starch 
method of challenge has become a routine for testing the immunizing potency 
of louping-ill vaccines and has proved satisfactory. Results obtained by this 
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method were compared with those obtained by the original method of inoculating 
virus only. A formolinized sheep tissue vaccine was used to vaccinate 6 sheep ; 
3 were challenged by the virus-starch method and the rest with virus only ; 
all the animals remained well, whereas all of the non-immunized sheep challenged 
as controls by the two methods died. A second group of sheep were vaccinated 
with another vaccine; of 5 animals challenged by the virus-starch method 
2 died, while there were no deaths among 4 sheep given virus only. It 
may be that the virus-starch method is more exacting for testing immunity ; it 
is probably still more exacting when compared to natural infection. Vaccines 
capable of protecting, even partially, against this method of challenge are likely 
to be effective in the field. 

Many formolinized vaccines have been prepared from sheep tissues (brain, 
cord and spleen) and found to protect sheep. They included uncentrifuged 
10 per cent suspensions inactivated with 0-35 per cent formalin and supernatants 
to which 0:2 per cent formalin was added. Formolinized vaccines made from 
infected mouse brain also protected sheep. 


DISCUSSION. 


When mice. and sheep were injected peripherally with louping-ill virus, only 
a proportion developed encephalitis. In sheep that. proportion varied according 
to the time of year. In two experiments carried out in successive years in June 
and July there were no deaths among groups of 4 and 3 sheep injected 
subcutaneously, whereas over the whole year the mortality was 44 per cent. 
Additional evidence also accumulated that factors affecting the general health 
of the sheep influenced the resistance at the blood-brain barrier (King, 1939) 
to invasion of the brain by virus which was multiplying peripherally and circu- 
lating in the blood. By serial passage in the embryonated egg a strain of louping- 
ill virus appeared to have been obtained with diminished virulence for the sheep, 
there being no specific deaths among 13 sheep injected subcutaneously with 
49th and 55th passage virus (Edward, 1947). However, in a subsequent experi- 
ment carried out during particularly severe winter weather when a group of. 
sheep, among whom there had already been a few non-specific deaths, were 
inoculated subcutaneously with 6lst passage material, 19 out of 42 sheep died, 
the majority with obvious signs of louping-ill. That this result was due to an 
increased susceptibility of the central nervous system to invasion rather than to 
an increase in virulence of the virus was shown when there were only 3 deaths 
among 36 sheep similarly injected during the summer months with later passage 
material. Also during the severe winter weather a few sheep developed signs 
of louping-ill as long as seven weeks after subcutaneous injection with virus. 
They had been vaccinated and later challenged ; after being regarded as com- 
pletely protected they were discarded at the end of four weeks when the experi- 
ment terminated. This observation suggests that virus may persist in partially 
immune sheep and reach the brain later, if the animals’ resistance is lowered 
to allow the virus to cross the blood-brain barrier. 

These findings are of interest in the consideration of the pathology of neuro- 
tropic virus infections. It has been shown that, whereas poliomyelitis is highly 
infective, a large proportion of the contacts of cases developing pyrexia presum- 
ably due to peripheral multiplication of virus, invasion of the central nervous 
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system occurs only rarely. Probably only about 5 per cent of patients develop 
paralysis, and in only about half of these is it permanent (Casey, Fishbein, 
Abrams and Bundesen, 1946). It therefore appears important to determine 
the factors which allow the virus to reach the brain and cord from the blood 
in a minority of patients (Aycock, 1937). It is not known whether in an epidemic 
the virus more easily reaches the central nervous system. It is possible that 
there is no constant relationship between the incidence of frank diagnosed cases 
and the degree of spread of the virus in the community. 

Homologous formolinized suspensions of infected tissues protected both sheep 
and mice. Sheep were protected by vaccines prepared from infected mouse 
brains, but sheep tissue vaccines were less effective for protecting mice. In 
- several other virus infections it has been difficult to immunize with inactivated 
virus in heterologous tissue suspensions (Laidlaw and Dunkin, 1928 ; Traub, 
1938 ; Koprowski and Cox, 1946). The ability of a heterologous suspension 
to immunize possibly depends on the maximum titre of virus attainable before 
inactivation ; mouse brain suspensions which effectively immunized sheep 
contained 100 to 1000 times more louping-ill virus than was contained in sheep 
brain suspensions which failed to protect mice. Even as low a titre as 10-* in 
a homologous suspension protected sheep. However, it may be that sheep are 
more easily immunized than mice, because in experiments which will be reported 
subsequently formolinized vaccines made from infected chick embryos protected 
sheep but not mice. 

In testing a large number of sheep tissue vaccines a small proportion of the 
vaccinated sheep were found to succumb to challenge by the virus-starch method. 
For instance, in a group of three sheep vaccinated with one vaccine one animal 
might die and the other two be fully protected. Failures bore no relation to 
the original titres of virus present in the suspensions used for the vaccines. These 
results may possibly be explained by a relative failure of individual sheep to 
react adequately to one dose of vaccine. Single dose vaccination was employed 
as a routine, as it was the method used in the field. However, it is known that 
response to any primary antigenic stimulus is comparatively weak, and in certain 
sheep immunity may not reach a sufficiently high level to afford protection. 
Such individual differences between the sheep would become less marked after 
the much greater response likely to result from a second antigenic stimulus. 
In one rather inconclusive experiment it did appear that two doses of vaccine 
were more effective than one. These observations have in practice meant that 
groups of ten sheep, at least, must be used to compare the immunizing efficiencies 
of different vaccines. 


SUMMARY. 


Vaccination with inactivated louping-ill virus in infected mouse brain suspen- 
sions protected mice against challenge by live virus inoculated intraperitoneally 
or intranasally. A protection test in mice was used to compare the effectiveness 
of vaccines, prepared from mouse brains and inactivated in various ways. 

Vaccines, prepared from infected sheep tissues, did not protect mice, and 
were tested by their ability to protect sheep against subcutaneous inoculation 
with virus. 

Only 44 per cent non-immunized sheep developed encephalitis after sub- 
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cutaneous inoculation with virus; no animal developed encephalitis in two 
groups inoculated in June and July. The significance of this finding, together 
with other evidence which suggests that seasonal and other factors affecting 
the general health of the sheep determine the ability of louping-ill virus to invade 
the brain once it has multiplied elsewhere in the body, is discussed in relation to 
this and other neurotropic virus infections. 

Encephalitis more regularly resulted if starch was injected intracerebrally 
at the same time as, or three days after, the subcutaneous inoculation with virus. 

Challenge by subcutaneous inoculation with virus, followed by an intra- 
cerebral injection of starch three days later, proved satisfactory for testing the 
ability of sheep tissue vaccines to protect sheep. Without the injection of 
starch it was difficult, in animals which did not develop encephalitis, to determine 
from a study of the temperature chart whether immunization had prevented 
infection. 

Sheep tissue vaccines and mouse brain vaccines protected sheep. The diffi- 
culties in immunizing with inactivated virus in heterologous tissue suspensions 
are discussed. 


I wish to thank Mr. W. A. Fitzgerald for his valuable technical assistance 
throughout. 
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